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ABSTRACT
Multi-year time series of monthly mean wind observations from a
network of rawinsonde stations are examined in order to document the
three-dimensional structure of wind variability in the tropical
troposphere on seasonal time scales. The geographical and vertical
structure of the annual mean, annual variability, and interannual
variability of the zonal and meridional wind components are described in
turn. The inclusion of the vertical structure of variability allows the
direct interpretation of wind fluctuations in terms of diabatic heating
and convection.
All major features in the seasonal wind climatologies derived from
this data set are consistent with earlier studies, confirming the
significance of the seasonal cycle. The annual mean, annual cycle, and
semiannual cycle of the zonal wind have appreciable magnitude throughout
the troposphere; significant meridional winds near the equator are con-
fined to layers near the top and bottom of the troposphere.
A transition in the vertical structure of zonal wind interannual
variability occurs at about 120 latitude in each hemisphere. Poleward of
120, the standard deviation of seasonal anomalies increases rapidly with
height, and anomalies are positively correlated in the vertical (an
"equivalent-barotropic" structure). Equatorward of 120, the vertical
gradient of variability is much smaller, and anomalies in the upper and
lower troposphere are negatively correlated, with a node in mid-
troposphere (a "baroclinic" structure). Time series of the fluctuations
of empirical orthogonal function modes with these vertical structures
are strongly correlated with the Southern Oscillation. The vertical
structure of interannual zonal wind fluctuations near the equator
resembles the large-scale forced response to a vertical profile of
anomalous latent heating with a broad maximum in mid-troposphere.
Zonal wind anomalies composited with respect to the phases of El
Niio events reveal a distinct pattern over the near-equatorial eastern
Indian and western Pacific Oceans which seems to be related to the onset
of El Niio. One season prior to the ocean surface warming in the eastern
Pacific which defines El Nino, anomalous low-level convergence and upper
level divergence are observed in the vicinity of Indonesia. The pattern
subsequently propagates eastward as the warm sea surface temperature
anomaly moves westward. The fully developed phase of El NiRo incor-
porates both anomalies over the central Pacific one year after the
initial appearance of the atmospheric anomaly pattern. The wind
anomalies are "phase-locked" to the annual cycle; that is, the evolution
of the anomalies with respect to the seasonal cycle is nearly the same
for each El Ni-io event. The anomaly pattern has spatial and temporal
scales corresponding to zonal wave number two and a period of two years.
This space-time structure is not consistent with the dynamics of
atmospheric equatorial Kelvin waves. Therefore, the wind anomalies must
be part of an air-sea interactive system.
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Chapter 1
INTRODUCTION
1.1 Obiectives
Studies of global atmospheric variability on interannual time scales
have underscored the importance of the tropics. The clearest interannual
signal in the troposphere is a tropical coupled ocean/atmosphere pheno-
menon known as El Nio / Southern Oscillation (or ENSO). The ENSO signal
shows up as the dominant mode of interannual variability in studies of
tropical surface variables (Kidson, 1975); Pacific Ocean sea surface
temperature (Weare et al., 1976), and tropical upper tropospheric winds
(Arkin, 1982). The ENSO signal has also been shown to be correlated with
interannual variability in middle latitudes (Horel and Wallace, 1981).
Observational studies of interannual variability and ENSO generally
fall into one of two categories: studies of near-surface variables
(wind, temperature, pressure, and rainfall), or studies of upper
tropospheric variables. Early studies of ENSO, beginning with the
original identification of the Southern Oscillation by Walker (1924),
were restricted to the former category. As interest grew and data sets
became more comprehensive, a fairly complete and detailed picture has
emerged of the evolution and structure of ENSO-associated anomalies near
the surface (Rasmusson and Carpenter, 1982).
Documentation of the upper tropospheric component came later. Horel
and Wallace (1981) presented evidence for global-scale correlations of
the geopotential height field at 200 mb with the Southern Oscillation.
In the tropics, most studies have been restricted to the 200 mb level
(e.g. Arkin, 1982, and Selkirk, 1984), where analyzed wind fields are
most reliable.
Modeling studies pertaining to ENSO and interannual variability may
also be divided into two groups: ocean models (with parameterized
atmospheric forcing), and atmosphere models (with parameterized ocean
forcing). Early models describing the anomalous ocean circulation
associated with ENSO (e.g. McCreary, 1976) were driven by a prescribed
surface wind stress. More sophisticated coupled models, such as that
developed by Zebiak (1984), allowed anomalies of the surface wind field
and oceanic mixed layer to feed back upon each other. However, the
atmosphere above the surface in this model was heavily parameterized by
assuming a fixed vertical structure for atmospheric wind anomalies.
Models of the atmosphere's response to oceanic El Nino conditions
have concentrated on the stationary response in the upper troposphere.
This emphasis has been due in large part to the interest in the distant
atmospheric mid-latitude response, which is most evident in the upper
troposphere on long time scales. The coupling between the surface and
upper troposphere can be specified in several ways. The simplest models
merely fixed the vertical structure (e.g. the barotropic model of
Hoskins et al., 1977). Models with more vertical resolution (e.g. the
five-layer baroclinic model of Hoskins and Karoly, 1981) were forced by
a prescribed tropical heating anomaly of fixed vertical structure.
Alternatively, the sensitivity of the response of a model with fixed
vertical structure could be tested by changing that vertical structure
arbitrarily (Lim and Chang, 1983). A more complicated primitive equation
model was used by Geisler (1981) to examine vertical structure
variability, but it was again necessary to assume a prescribed vertical
heating profile. Finally, sophisticated atmospheric models could allow
the atmosphere to respond directly to prescribed sea surface temperature
anomalies via interactive precipitation and three-dimensional wind
fields (e.g. the general circulation model simulation of Shukla and
Wallace, 1983). The vertical structure of the equilibrium response then
depended on the model's treatment of clouds, convection, and the
planetary boundary layer.
Verification of the validity of these models is made complicated by
the uncertainty in choosing an appropriate vertical structure for large-
scale heating. Yanai et al. (1973) derived a heating profile with a
broad maximum near 400 mb based on synoptic data from the western
Pacific. Hantel and Baader (1978) derived a similar profile from zonally
averaged data. Schneider and Lindzen (1977) proposed a profile with a
maximum near 300 mb. Houze (1982) derived a profile with a sharper
maximum near 300 mb, with no net heating below 500 mb.
The vertical structure of the variability of the tropical atmosphere
represents a ma]or uncertainty - an uncertainty largely unaddressed by
the observational studies to date. This thesis describes an obser-
vational study of the three-dimensional structure of tropical wind
fluctuations on seasonal time scales, using data from a network of
radiosonde stations in low latitudes.
Chapter 2 describes the climatological structure of the wind field,
examining in turn the annual mean, the annual cycle, and the semiannual
cycle. Comparison of the vertical structure of seasonal and interannual
wind fluctuations is of interest because near the equator both are
thought to be primarily responses to the geographical distribution of
latent heat release (Ramage, 1968; Webster, 1972). Furthermore, the
annual cycle appears to be coupled to interannual variability, since a
notable feature of EN50 is its tendency to be "phase-locked' to the
annual cycle (Rasmusson and Carpenter, 1982).
The climatology of the near-equatorial band from Trivandrum [located
at 8°N 770E] eastward to Atuona 1100S 1390W] is examined in detail. This
region encompasses the "Walker Circulation" (Bjerknes, 1969), a zonally
oriented mass circulation cell whose fluctuations are closely associated
with the Southern Oscillation (Julian and Chervin, 1978).
Interannual variability is considered in Chapter 3. First, the
magnitude of interannual variance is documented for zonal and meridional
wind components throughout the tropical troposphere, and compared to the
variance contained in the annual and semiannual cycles. Characteristic
vertical structures of interannual variability are found through.one-
dimensional empirical orthogonal function (IdEOF) analyses carried out
separately for each station and season.
The three-dimensional structure of interannual variability is con-
sidered in Section 3.4. We show that the ENSO signal is correlated with
time series of the dominant vertical modes of seasonal wind variability,
and conversely that the vertical structure of ENSO-related interannual
tropical wind variability is concisely described by the ldEOF modes.
A separate empirical orthogonal function analysis is carried out for
seasonal zonal wind anomalies at the network of near-equatorial stations
between Trivandrum and Atuona. This 2dEOF analysis describes fluctua-
tions of the Walker Circulation in terms of standing oscillations in the
longitude-height plane. The time series of principal components associ-
ated with the first two modes of the analysis are correlated with each
other at lag, and both are correlated with the Southern Oscillation, in-
dicating that the seasonal zonal wind fluctuations over this network are
best described as a propagating anomaly which is associated with the
Southern Oscillation.
Seasonal wind anomalies over the Trivandrum-Atuona network during El
Nifio events are examined in detail in Chapter 4. The results of the
2dEOF analysis are confirmed and extended by a complex empirical
orthogonal function (CEOF) analysis, which explicitly includes both
standing and propagating oscillations. In addition, wind anomalies com-
posited from five El Niio events show an eastward-propagating feature
which is clearly evident in the season prior to the onset of the oceanic
El NiFo.
Chapter 5 presents a summary of the results and principal conclu-
sions. Separate brief discussions of the theory of empirical orthogonal
functions, and statistical significance considerations, are contained in
appendices.
1.2 Data
The monthly mean observations used in this study were obtained from
Monthly Climatic Data for the World, archived on tape at the National
Center for Atmospheric Research (Jenne and Crutcher, 1976). Station
data were chosen for this study rather than an analysis product to maxi-
mize data reliability and increase the length of the time series.
Analysis products have been used to study surface winds (e.g. Rasmusson
and Carpenter, 1982; Barnett, 1983), where the number of observations is
much greater than at upper levels, and 200 mb winds (Arkin, 1982;
Selkirk, 1984), where cloud top movement and aircraft data can be used
to enhance the analysis. At other levels, however, the tropics present
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special problems that make interpolation schemes difficult, and their
output questionable. First, the density of the data network is much
lower than in midlatitudes. Furthermore, the condition of quasi-
geostrophy which is used to constrain the wind field in mid-latitude
objective analysis schemes is not satisfied in the tropics; the
divergent component of the flow is typically quite important. Hence,
although gridded data offer obvious advantages of computational ease and
spatial resolution (spurious though it may be), we prefer to base this
study on station data directly.
A list of the stations used, with a summary of each station's
record, is presented in Table 1.1. A map labelling the stations is shown
in Fig. 1.1. These 34 stations each had a record at least seven years
long. Data at six levels (850, 700, 500, 300, 200, and 150 mb) were con-
sidered. The data record extends through the end of 1980.
Data quality was checked carefully. For each station, the following
steps were taken in the course of calculating seasonal means. First,
duplicate records, and records with one or more of the six levels of
interest missing, were removed from the time series. Then, the mean and
variance at each level for each calendar month were computed. These
statistics were used to calculate time series of monthly anomalies, and
anomalies normalized by standard deviation. The time series were ex-
amined for suspicious data, with special attention paid to observations
departing from the calendar monthly mean by more than three standard
deviations. A similar technique was employed by Trenberth and Paolino
(1980) to identify suspicious values in time series of monthly mean sea
level pressure.
Attempts were made to check suspicious data against two independent
___ _ 1-1 aau -
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TABLE 1.1
Stations used and period of record for each wind time series.
Station name
Abid]an
Antofagasta
Atuona
Bangkok
Belem
Bogota
Calcutta
Canton
Cocos
Dakar
Dar es Salaam
Darwin
Fort Lamy
Hilo
Johnston
Khartoum
Koror
Kota Kinabalu
Lae
Lima
Ma uro
Miami
Nairobi
Natal
Noumea
Pago Pago
Port Sudan
San Andres
Singapore
Tahiti
Trinidad
Trivandrum
Truk
Veracruz
latitude longitude
65578
85442
91925
48455
82193
80222
42809
91700
96996
61642
63894
94120
64700
91285
91275
62721
91400
96471
94027
84628
91376
72202
63741
82599
91592
91765
62641
80001
48694
91938
78970
43371
91334
76692
5.30N
23.505
9.805
13.7 0N
1.40S
4.6 N
22.5 0 N
2.805
12.1°5
14.70N
6.905
12.405
12.10N
19.7 0N
17.0 0 N
15.60N
7.30N
6.0°N
6.70S5
12.005
7.10N
25.8 0 N
1.3°5
5.905
22.3o5
14.30S
19.6 0 N
12.8 0 N
1.3°N
17.605
10.7 0 N
8.5 0 N
7.5 0N
19.2 0N
3.9 0W
70.4 0W
139.0W
100.5 0 E
48.5 0 W
74. 10 W
88.40E
171.7 0 W
96.9 0E
17.5 0W
39.20E
130.9 E
15.0 E
155.1 W
169.5 W
32.6 0 E
134.5 0 E
116.1 0E
147.0 E
77.1 W
171.4 0 E
80.3 0 W
36.8 0 E
35.30W
166.50E
170.6 0 E
37.-20 E
81.70 E
103.9E
149.6 0E
61.50E
77.0°E
151.9 0 E
96.1 W
period of record
Jan 64 - Oct 80
Aug 57 - Dec 80
Apr 69 - Jan 80
Jan 57 - May 80
Aug 68 - Jun 75
Sep 60 - Dec 79
Apr 64 - Dec 80
Jan 57 - Aug 67
Jul 64 - Nov 80
Jan 64 - Dec 80
Jun 61 - Dec 77
Jul 64 - Nov 80
Jun 64 - Dec 78
Jan 57 - Dec 80
Jan 59 - Dec 80
Jan 64 - Dec 80
Sep 57 - Dec 80
Mar 68 - Dec 80
Sep 64 - Dec 73
May 67 - Dec 80
Jan 59 - Dec 80
Jan 57 - Oct 77
Feb 58 - Dec 80
Jan 68 - Dec 80
Jul 64 - Dec 80
Apr 66 - Dec 80
Jan 64 - Dec 75
Jun 57 - Feb 80
Mar 60 - Dec 80
Jan 64 - Dec 80
Aug 67 - Dec 80
Jan 63 - Dec 80
Sep 57 - Dec 80
Feb 64 - Dec 80
TROPICAL UPPER AIR STATIONS
50E 120 180 120 60H 0 60E
Figure 1.1 - Station network, with names and locations of the 34
stations used in this study.
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sources: the monthly-averaged National Meteorological Center (NMC)
Tropical Analysis of 200 mb winds for the period 1968-1974 (obtained
from the NMC Climate Analysis Center by R. Newell and H. Selkirk) and an
atlas of monthly-averaged 200 mb and 850 mb streamfunction fields for
the period 1965-1974 (Krishnamurti et al., 1983). Contemporaneous
reports from nearby stations were also considered in some cases.
A conservative approach to data rejection was maintained. Only
values which appeared to be extremely outlandish were eliminated from
the time series. In some cases, the source of error was obvious (e.g.,
units digit dropped from the reported wind direction) and corrected
values substituted into the time series. Erroneous records without
readily identifiable corrections were eliminated from the time series
without substitution.
This process of error identification and removal or correction was
subjective, but it has produced reliable time series of maximum
duration. Some of the errors encountered did not represent anomalies of
greater than three standard deviations, but were clearly incorrect
nevertheless. For example, the 3o criterion did not satisfactorily flag
anomalous data for cases in which two anomalous reports existed in the
series for a single level and calendar month, which simply caused the
variance to be so large that all data represented "acceptable"
normalized anomalies. The corrected time series probably still contain
some errors. However, we firmly believe that the results presented here
are statistically reliable and represent real signals.
The corrected time series of monthly means were used to calculate
seasonal means, which form the basis for most of the statistics of
interannual variability presented in the thesis. Months were grouped
15
into seasons in standard fashion: December-January-February (generally
referred to as DJF), March-April-May (MAM), June-July-August (JJA), and
September-October-November (SON). If one month was missing from a
season, the seasonal mean refers to an average over the two available
monthly means with climatology assumed for the missing month; if two or
three months were missing, no seasonal mean was calculated. The number
of seasonal average values obtained at each station are plotted in Fig.
1.2 for each calendar season. For most stations and seasons, more than
15 years of data are present, encompassing three or more El NiRo events.
a. NUMBER OF YEARS
120
b. NUMBER OF YEARS
180 120
DJF
50n 60 0
- MAM
50H
Figure 1.2 
- Number of mean observations available at each
each season. (a) DJF season. (b) MAM season.
station for
50E
50E
50E
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c. NUMBER OF YEARS
60E 120 180 120 50H 0 50E
d. NUMBER OF YEARS - SON
120 180 120 60H 0
Figure 1.2 (continued) - Number of seasonal mean observations available
at each station for each season. (c) JJA season. (d) SON season.
- JJA
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Chapter 2
THE ANNUAL VARIABILITY OF TROPICAL WINDS
2.1 Introduction
In this chapter, the annual variability of climatological monthly-
averaged winds is examined. Knowledge of the annual variability is pre-
requisite to a study of anomalous conditions. This is particularly true
in the tropics, for several reasons.
First, nonlinearity is crucially important in air-sea coupling. The
zonal asymmetries in both the mean and anomalous wind fields are thought
to be determined primarily by the geographical distribution of latent
heating. Webster (1972) reproduced many of the observed features of the
mean flow in a two-level model with a zonally symmetric basic state
taken from observations, and idealized steady forcing designed to simu-
late the observed tropical latent heat distribution. He then studied the
response of the model to additional imposed forcing from middle
latitudes by fixing the longitudinal distribution of meridional wind at
400 latitude to agree with climatological values, and found improved
reproduction of the observed standing eddies in the subtropics (Webster,
1973). Webster concluded that near the equator, the asymmetries in the
mean winds are forced primarily by near-equatorial latent heating, while
remote forcing predominated closer to the lateral boundaries of his
model. A subsequent study of interannual variability using a coupled
ocean/atmosphere model (Zebiak, 1984) required the surface convergence
associated with both the mean and anomalous wind fields in order to
obtain adequate El Niio simulations. Although Zebiak's model explicitly
calculated only the anomalous circulation, prior prescription of a real-
istic annual variability was necessary in order to obtain a realistic
forced response.
Second, the tropical circulation (unlike middle latitudes) exhibits
considerable persistence from season to season, so that much of the
anomalous variability occurs on time scales similar to the annual
variability.
Third, a striking feature of interannual variability associated with
El Nifio / Southern Oscillation is its "phase-locking' to the annual
cycle (Rasmusson and Carpenter, 1982), directly suggesting the coupling
between annual and interannual variability.
The annual variability of surface parameters in the tropics has been
extensively documented, particularly over the Pacific Ocean region.
Atlases of ship observations of surface variables and satellite-observed
cloudiness for the tropical Atlantic and Pacific Oceans have been com-
piled by Hastenrath and Lamb (1978) and Weare et al. (1980), respec-
tively. Horel (1982b) reviewed and updated the observed annual cycles
of surface wind, sea level pressure, sea surface temperature, and rain-
fall over the Pacific. He demonstrated the important modulating role of
the ocean on the annual cycle of atmospheric surface variables.
Paucity of data has limited the scope of studies of variability
above the surface. Several investigators, including Newell et al.
(1972), Gray et al. (1976), and Oort (1983), have plotted seasonal mean
wind fields at standard levels for each season, from which the gross
features of the annual variability could be surmised. Newell et al.
(1972) and Oort (1983) used station data similar to the network used
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here, interpolating across large data-void areas to create maps. Gray et
al. (1976) used the National Meteorological Center's tropical strip
analysis to define climatology.
The flux of mass associated with zonal convergence and divergence
over the western equatorial Pacific is known as the Walker Circulation.
It was named by Bjerknes (1969) after Sir Gilbert Walker, who first
documented the associated zonally oriented surface pressure oscillation
over the Pacific (Walker, 1924). Newell et al. (1974) defined the Walker
Circulation using a diagnostic quantity called the zonal mass flux,
calculated from
M*(p) = fuaS) dp £2.1
JP
where u* is the zonal wind with the zonal mean zonal wind subtracted
out, a is the earth's radius, g represents gravitational acceleration,
and S is the latitudinal width of the domain. The zonal mean wind was
removed in order to separate the zonally symmetric motions (which Newell
et al. defined as the Hadley circulation) from the zonally asymmetric
motion (defined as the Walker circulation).
The climatological zonal mass fluxes calculated from £2.13 for a
latitudinal strip of width 100 centered on 5N for the DJF and JJA
seasons, taken from Newell et al. (1974), are shown in Fig. 2.1. Since
M*z approximates a stream function (to the extent that v is negligible),
the contours of M! in the longitude-height plane delineate zonal and
vertical motions. Hartmann et al. (1984) noted the westward tilt with
height of the DJF mass flux between 100°E and 160°E (Fig. 2.1a), and
argued that this tilt was evidence for an elevated vertical profile of
heating (Houze, 1982). Notice that no such tilt is evident in the JJA
~^WL -c iw~~~is;r*rrr~-r~ --
- I I50 X C'
8 0 " I 0 1\ 50. 0 t I I
-105850 0 2.\
2 -
160'w 160 bO 20 100 80 60 40 20 0 20 40 60 80 ;OO 120 40 60 O'E
LONGITUOE
ZONAL MASS FLUX (102 gmsec' 5"N JUNE-AUGUST
too o
00 I
400 -- \ -250I 0- /
- I - I
2 I -20 40 -10
700 - I I I \
/ \ " I
0 I0 I 0
0 •
1000
sI0Ow 160 140 120 00 80 60 40 20 0 20 40 60 O0 ,00 120 140 160 BO'E
LONGITU0E
Figure 2.1 - Eastward zonal mass flux for a 100 lati-
tudinal strip centered on 50N, based on departures from
the zonal mean zonal wind (taken from Newell et al., 1974).
(a) DJF season.
(b) JJA season.
zonal mass flux (Fig. 2.1b).
Subtraction of the zonal mean is convenient mathematically, but is
not necessarily the best way to define the Walker Circulation over the
Pacific. Studies of interannual variability are complicated by using
zonal wind departures because the zonal mean itself has considerable
interannual variability. A more fundamental physical problem derives
from recent work by Zebiak (1984), who modeled ENSO variability as a
local Pacific Ocean phenomenon. If Zebiak is correct, there is no basis
for defining the Walker Circulation using departures from a zonal
average. Therefore, the Walker Circulation is defined in this thesis by
calculating the zonal mass flux using the zonal wind with the zonal mean
included, that is
Mz(p) = u dp -Ul (aPl  12.23
p0 g
where pl is the pressure thickness of the layer associated with each
pressure level (given in Table 1 of Appendix B). The sign of Mz is re-
versed in 12.2 relative to (2.11 so that the westward mass flux of the
Walker Circulation will appear as a positive Mz cell.
The semiannual cycle of zonal winds in the tropics was examined by
van Loon and Jenne (1969, 1970). They noted that the semiannual cycle
accounted for most of the annual variability in the tropical upper
troposphere. The phase of this harmonic varied only slightly with
longitude, having westerly wind maxima at 200 mb in May and November in
the tropics and throughout the Southern Hemisphere. A phase reversal was
observed near the equatorial tropopause, so that westerly wind maxima in
the lower stratosphere occurred in February and August. Similar
semiannual cycles were found in the temperature field of the troposphere
~_ ~il~Y^I_~___~
near the equator (with May-November maxima) and subtropical Southern
Hemsiphere over Australia (with February-August maxima), and in the
latitude of the axis of the Southern Hemisphere subtropical )et stream
(positioned furthest equatorward in May and November). Van Loon and
Jenne concluded that these semiannual cycles were related manifestations
of the back-and-forth seasonal movement of the Hadley circulation.
The first principal aim of this chapter is to reproduce and synthe-
size previous results, presenting a unified, three-dimensional descrip-
tion of the annual variability of tropical winds. The questions to be
addressed are very basic: How large is the magnitude of the annual mean
wind compared with the amplitudes of the annual and semiannual cycles
(i.e. how much seasonality exists in the tropics)? Are the results of
surface wind studies applicable to higher levels? What are the vertical
structures of the important periodic fluctuations in the tropical wind
field, the semiannual cycle in the zonal component and the annual cycle
in the meridional component?
Secondly, the documentation of annual variability in this chapter is
developed in order to answer important questions concerning interannual
variability in subsequent chapters. Without adequate resolution of the
seasonal cycle, the interannual variability calculations to follow
cannot be properly interpreted.
The annual variability of the wind at different stations and levels
will be treated here in terms of annual and semiannual cycles, and also
in terms of the month-by-month march of climatology without regard to
Fourier decomposition. For clarity, the word "cycle" will be reserved
for Fourier harmonics. Hence, the annual cycle and semiannual cycle
refer strictly to Fourier harmonics with periods of twelve and six
months, respectively. Cycles have well-defined amplitudes and phases.
The word "variability" is used more generally here. In middle
latitudes, the annual variability is almost completely described by the
annual mean and annual cycle. In the tropics, however, the semiannual
cycle has substantial amplitude as well.
Section 2 of this chapter discusses the annual mean wind field in
the tropics by examining maps of the vector wind at each pressure level
over the entire tropical network. The annual mean Walker Circulation is
then considered separately in terms of the zonal mass flux, calculated
from (2.2, over a near-equatorial zonal cross-section extending from
Trivandrum at the southern tip of India to Atuona in the mid-Pacific.
Section 3 then considers the annual and semiannual cycles of the wind
field at each level. The vertical structure and geographical distribu-
tion of these cycles are documented. Section 4 discusses the annual
variability of the wind field over the western Pacific in detail,
showing the transition from a monsoonal climatological regime near Asia
to a trade wind regime over the mid-Pacific, and the climatological
seasonal migration of the Walker Circulation. A summary of the results
in Section 5 concludes the chapter.
2.2 Annual mean winds
Vector plots of the annually averaged wind at each station are shown
in Fig. 2.2 for each of the six pressure levels. The length of each
vector represents the speed of the wind, with each vector centered on
the station location. The length scale is the same for each plot to
facilitate comparison. No smoothing, contouring, or interpolation has
been implemented.
Figure 2.2
(a) Annual mean wind at 850 mb, with the wind speed
represented by the length of each vector. The mid-
point of each vector corresponds to the station
location.
(b) As in (a), but for 700 mb.
(c) As in (a), but for 500 mb.
(d) As in (a), but for 300 mb.
(e) As in (a), but for 200 mb.
(f) As in (a), but for 150 mb.
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At 850 mb , the winds have an easterly component everywhere except
over Southeast Asia. The tropical Pacific easterlies all have speeds
between 5 and 10 m/s, showing the uniformity of the trade winds near the
top of the marine boundary layer. Over most of the Pacific, the annual
mean of the 850 mb zonal wind component has much greater magnitude than
the total variability of monthly means, a feature also noted by Horel
(1982b) in the Pacific surface wind field.
However, great caution must be exercised in extrapolating from the
850 mb level to the surface or vice versa. Harrison and Gutzler (1985)
compared monthly wind climatologies at 850 mb and the surface for five
western Pacific islands, and found significant climatological wind
shears which varied widely with location and (to a lesser extent) with
season. In particular, the magnitude of the meridional wind component
was found to be much smaller at 850 mb compared with the surface.
At higher levels, the subtropics in both hemispheres are marked by
strong westerly shear with height up to 300 mb (as, for example, at
Noumea t220S 166E] and Hilo [200N 155W]3). Equatorial regions, where
the annually averaged meridional temperature gradients are slight, show
little vertical wind shear.
The meridional component of the annual mean wind is small. Over
the South Central Pacific at Tahiti [18°S 150°W] and Pago Pago [140S
1710W1, southerly winds at 850 mb occur coincident with a strong annual
mean sea surface temperature gradient separating warm western Pacific
waters from the cooler eastern Pacific (Horel, 1982b).
In the upper three levels (between 300 and 150 mb), the wind field
has almost no directional vertical shear at all. Easterly winds prevail
over the western Pacific and equatorial Africa, with westerlies
~~1~YIPliCsr~-rrrrsrr~ 1------ ----~
elsewhere. Troughs over the subtropical eastern Pacific in both hemi-
spheres are clearly discernable. Strong westerlies occur poleward of
200 latitude in both hemispheres, where the annual mean mid-tropospheric
meridional temperature gradient is strongest (Oort, 1983).
From Africa westward into the eastern Pacific, the meridional wind
field at 850 mb (and to a lesser degree at 700 mb) converges into the
annual mean Intertropical Convergence Zone, located approximately at
50N. Dividing the bands of annual mean westerlies and easterlies in
equatorial latitudes at 850 mb are regions of convergence and divergence
of the zonal wind. The winds converge in the vicinity of 120 0E, over
the maritime continent, and diverge around Africa, in a data-sparse
area. The wind reversal at upper levels over the Pacific is shifted
longitudinally about 600 to the east, so that the center of equatorial
Pacific divergence is located near the dateline. Therefore, the longi-
tudinal extent of westerlies along the equator is 600 greater in the
upper troposphere than near the surface.
Fig. 2.3a shows the annual mean vector wind at stations in the
Trivandrum-Atuona cross-section, plotted as a function of longitude and
height. The station names (abbreviated) are shown along the top of the
plot, and the six pressure levels included in the mean soundings appear
on the right side. It is apparent that Ivl << lul throughout the cross-
section, with the exception of the near-surface layer at Trivandrum and
the upper troposphere at Atuona. In the interior of the cross-section,
the neglect of v seems justified.
The annual mean zonal mass flux, computed from [2.23, is shown in
Fig. 2.3b. The curves were drawn using a bilinear interpolation scheme.
Westward mass transport is associated with positive values of aM/az.
a. UV ANN MEAN
TOTAL
__- = 20
SIN KIN KOR TRK HAJ CAN
100
200
300
400
500
600
700
sOO
900
1000
5 150
LONG I TUDE
180
M/S
ATU
-150
b. Mz ANNUAL MEAN
SIN KIN KOR TRK MAJ CAN ATU
90 120 150 180 -150
LONGITUDE
Figure 2.3 - (a) Annual mean vector wind at eight stations near
the equator over the eastern Indian and western Pacific Oceans.
(b) Westward zonal mass flux based on the zonal winds shown in (a).
Contour interval 5x109 kg/sec, with negative contours dashed.
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Invoking continuity of mass, upward mass transport must be associated
with positive values of aM/8x. Hence, the annual mean Walker Circulation
shown in Fig. 2.3b transports mass downward between Canton and Atuona,
then westward in the lower half of the troposphere across the date line,
and upward over the western Pacific. The zero lines in Fig. 2.3b are
located where the zonal wind on a constant pressure surface changes
sign. Therefore, the shifts with height of the position of large-scale
convergence and divergence noted in Fig 2.3a appear as tilts in the
zonal mass flux. The annual mean Walker Circulation has a pronounced
westward tilt with height between 90°E and 1800, and has the same
magnitude and vertical structure as the Newell et al. (1974) MT field
for DJF (Fig. 2.1a).
2.3 Annual and semiannual cycles
The annual and semiannual cycles of zonal and meridional winds were
calculated from the monthly mean climatology at each station. The cycles
were defined as the Fourier harmonics with period 12 months (annual
cycle) and 6 months (semiannual cycle), defined from the 12-point time
series of climatological winds. The statistics are summarized in Table
2.1. For each station and pressure level, separate statistics are tabu-
lated for zonal (u) and meridional (v) wind components. For each com-
ponent, the leftmost column contains the annual mean wind (units m/s,
westerly/southerly winds positive). The next four columns contain the
amplitude and phase of the annual (Ml) and semiannual (M2) cycles, where
the amplitudes have units m/s, and the phase refers to the month of
maximum westerly/southerly wind. The next column, labelled VAR12, is the
total variance contained in M1 and M2, that is
VAR12 = (R 2 + R22 ) / 2
where R1 and R2 are the amplitudes of M1 and M2, respectively. Table 2.1
is included here for completeness. In order to describe the variability,
vector plots of M1 and M2 are presented for each wind component and
pressure level.
Vector plots of the annual cycle of the zonal wind component M1(u)
at each station are shown in Fig. 2.4 for each of the six pressure
levels. An analogous set of plots for M1(v) appears in Fig. 2.5. The
length of each vector represents the magnitude of the harmonic, and the
phase is indicated by the vector orientation. A vector directed south-
ward indicates a maximum in the annual cycle (i.e. maximum westerlies)
centered on the January monthly mean. The phase progression proceeds
clockwise, so that a vector directed westward indicates a maximum in the
annual cycle centered on the April monthly mean, etc. (i.e. vectors
directed southward, westward, northward, and eastward correspond to
annual cycle maxima on January 15, April 15, July 15, and October 15,
respectively).
Consider first the annual cycle of the zonal wind at 850 mb (Fig.
2.4a). The magnitude of the annual cycle is greatest in the vicinity of
Southeast Asia and Indonesia, where it exceeds 5 m/s. The annual cycle
here is larger than the annual mean, so that the climatological winds
reverse with season, being westerly during JJA and easterly during DJF.
Moving eastward into the Pacific, the magnitude of the annual cycle
decreases and the time of weakest easterlies is later in the year.
Since the magnitude of the annual mean increases between Southeast Asia
and the mid-Pacific (Fig. 2.2a), the western Pacific is a transition
zone where the monsoonal regime near the Asian continent gradually
TABLE 2.1
Annual mean and variability of zonal and merfdional wind components for each station and pressure
level. AVG = Annual mean; Ml = Annual cycle; M2 = Semiannual cycle; ARJ2 = variance associated
with the annual + semiannual cycles. Units: AVG, AMP = m/s; VAR12 = m /s ; PHASE = month of year.
ANNUAL VARIABILITY ALL YEARS
--------------------- U -------------- --------------------- V--------------
AVG MI M2 VAR12 AVG M1 M2 VAR12
AMP PHASE AMP PHASE AMP PHASE AMP PHASE
ABIDJAN 850 -2.5 2.4 7. 1 1.8 1.9 4. 5 -0.5 1.6 6.0 0.6 4.8 1. 4
700 -7.5 2. 8 8.3 2.6 1.7 7.3 -0.3 0. 9 8. 0 0.1 0.6 0. 4
500 -5.0 0 6 7.7 1 2 2.0 0.9 -0.3 0.7 1 9 0.5 5 1 0 4
330 -3.3 7.2 1.4 1 1 6 0 27 0 05 1. 0 9 ,0.7 5.3 2.0
200 -2.3 12. 4 1.2 2. 4 5 6 79. 4 0.2 2.2 1. 7 0.4 2 8 2. 6
150 0.0 11.5 0.8 2.6 5.6 69.8 1.3 2.6 1.7 1. 1 2. 1 4.0
ANTOFACA 850 -1.9 0. 1 2 2 0. 1 1.9 0.0 -1.4 1.0 7 3 0. 1 1.0 0. 5
700 1. 1 1 4 7.6 0. 1 1 8 1.0 -2.5 0.9 1.3 0.2 0.6 0.4
500 7.7 5 4 7.6 0.6 4.2 14.5 -0 7 1.6 1.3 0.3 5.6 1.3
300 20. 1 8 2 7.8 1.8 4. 3 35.4 -2.2 1. 5 5 9 0.3 2. 7 1. 2
200 26. 0 8 8 7. 7 3. 5 4. 4 45. 1 -4. 7 5. 7 6. 7 1. 1 1.8 16. 9
150 22. 3 8 0 7.5 3 5 4.6 38. 5 -3.4 4.6 6.6 0.4 1.8 10.6
ATUCNA 850 -5. 5 0 1 11.9 0 5 4.4 0. 1 0.2 0.7 6.3 0. 5 3 4 0.3
700 -3 7 0 9 8 1 1.0 4.3 1.0 -0.4 0.3 8.0 0 2 3 7 0. 1
500 -2 7 1 5 11.7 0 9 4.0 1.6 0. 1 0 5 7.7 0 4 0 6 0.2
300 5 5 1 1 10 7 0.8 3.2 0.9 0.7 1 5 11.9 1.2 1. 1 1 9
200 11.9 1 5 12 1 1. 1 2.. 1.7 0 2 2.1 12 1 2.0 0.9 4.2
150 14.0 4 1 1.2 1,4 2.2 9. 5 0.0 1. 1 11 6 1.3 1.0 1.4
BANG OK 850 0. 9 6. 2 6. 4 2. 4 1. 5 21.9 0. 7 1. 7 4. 3 0 4 2. 3 1. 5
700 0.6 4 3 6 6 3. 1 1 2 14. 1 0 5 0.8 5.0 0.3 6.2 0 4
500 0 3 2 5 4.8 2 2 1 6 5 6 0 5 0 8 4.7 0.4 4.5 0 4
300 -0.5 6 2 2 2 1 5 2.0 20 4 0.4 2 6 1.7 0.2 3. 5 3.4
200 -2 6 11.1 1. 8 1.6 3.5 62.8 1.3 6.5 1.3 0.3 3.9 21. 2
150 -5. 7 14.2 1.6 2.6 4.0 103.5 1.4 8. 4 1.3 0. 5 3. 1 35.8
BELEMI 850 -7 5 1.0 6. 5 0 2 3.2 0.6 3.4 2. 4 6.9 1.0 0.9 3. 4
700 -8. 1 0 7 2. 1 0.6 4.2 0 5 2 6 0 5 7.9 0 3 1.3 0.2
500 -4.7 4 3 0.6 0.7 0 6 95 0 7 0.6 5.6 0.2 4.0 0.2
300 -1.6 4 0 12 4 0.7 0 6 8.4 0 7 0.5 2.9 0 2 4.6 0.2
200 3. 1 1 4 9.9 2 1 1.4 3 1 2.2 3.3 0 6 0.8 5.2 5.7
150 6.6 0.8 8.9 2.0 1.1 2. 4 0.5 1. 5 10.8 1.7 4.9 2. 5
DO0OTA 850 0 0 0 0 1.0 00 1.0 0.0 0.0 0.0 1.0 0.0 1.0 0 0
7C0 -3 1 0 8 0 8 0. 5 4. 1 0 4 1. 1 0.7 6. 7 0.4 1.8 0. 4
500 -4 6 2.5 0.9 1.8 4 5 4.8 0 7 1.3 6 7 0.3 2. 1 0.9
300 -2 5 4 2 1. 1 1.3 5 0 ? 5 1 1 1 8 2. 4 0.3 6.2 1. 7200 -0.4 4.0 1.6 1.6 5 8 9. 1 0 4 5.7 1.6 0.8 4.3 16 8
150 3 1 4.4 2.0 1.8 5.7 11.5 -0.4 3.0 1.3 1. 1 4.4 5.2
CALCUTTA 850 2 6 2 7 2 9 0.3 0. 5 3.8 0. 0 3 2 6. 8 0. 7 2. 7 5. 3
700 5 a 6 I 2 2 0. 4 5.6 18. 6 -1. 4 3 1 8. 5 0.9 2. 1 5 3
500 9 _ 12 2 1. 6 0. 7 6. 1 74 6 -0 3 1 9 8 9 0.9 1. 7 2.2
300 14 9 23 2 1.6 1.4 4.9 269.7 1.9 1 1 12 3 0.1 1. 1 0 6
200 15.5 27 8 1.5 3 3 4.6 291.3 3 9 5 3 1. 1 1.2 5.4 14 7
150 11. 7 26.4 1. 5 3 8 4.6 355. 5 2. 5 5. 7 1.2 1. 7 5.0 17. 7
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Figure 2.4 - Vector plots of the annual cycle
in the zonal wind component. The length of each vector
represents the magnitude of the annual cycle, and the
orientation of each vector represents the phase:
southward-oriented vectors represent annual cycle
maxima in mid-January, with the phase progressing
clockwise, so that westward-oriented vectors represent
annual cycle maxima in mid-April, and so forth.
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shifts to a steady trade regime in mid-ocean. The phases over the
Pacific agree closely with the annual cycle phases of surface wind speed
(with the sign reversed, because the annual mean wind is easterly) and
surface zonal wind component shown by Horel (1982b).
South of the equator over the far western Pacific and eastern Indian
Ocean, the phase of the annual cycle reverses so that the maximum wes-
terly wind occurs in late summer in the Southern Hemisphere. Over the
western Pacific and eastward to the Atlantic Ocean in the trade wind
regime, the annual cycle has very small amplitude.
At higher levels (Figs. 2.4b-2.4f), annual cycle maxima occur late
in the local winter at all subtropical stations in both hemispheres, and
amplitudes increase with height up to 200 mb. Near the equator, however,
the amplitude remains nearly constant with height and very small (typi-
cally less than 5 m/s). A phase shift occurs over the western Pacific,
where maximum westerlies in the upper troposphere occur in late spring.
M1(v) at each level is plotted in Fig. 2.5. The scale of the vectors
in Fig. 2.5 has been expanded by a factor of two relative to Fig. 2.4.
At 850 mb, R1(u) and R1(v) are comparable over the east coast of Africa,
where a strong low level southerly let occurs from May through
September, and over Southeast Asia. Elsewhere, M1(v) is small (on the
order of 1 m/s), with maximum southerlies in July. Physically, the
phase in both hemispheres represents the alternation in the strength of
the Hadley circulations, the strongest low-level equatorward flow occur-
ring late during each hemisphere's winter season. This signature decays
very rapidly with height. At the surface, R1(v) > R1(u) throughout the
Pacific (Horel, 1982b). At 850 mb, the inequality is reversed over the
ocean, and at 700 mb R1(v) is negligible.
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At 300 mb and above, R1(v) increases rapidly with height, with a
February maximum over the western Pacific and Southeast Asia, and
similar phase but smaller amplitude south of the equator. At upper
levels, the annual cycle in v has greater amplitude than the annual mean,
but less amplitude than the annual cycle in u. Moving eastward into the
Pacific at 200 and 150 mb, the amplitude decreases as the phase shifts
to a springtime maximum. This pattern is the same as the annual cycle
in u (cf. Fig. 2.4e-f) with the phase of M1(v) leading the phase of
M1(u) locally by one season.
To the northeast, the phase of M1(v) at Johnston [170N 1700W] and
Hilo [20°N 155OW] is opposite that observed over the western Pacific at
stations south of the trade wind maximum. Hence, the annual cycle phase
reversal in surface wind at the latitude of the trade wind maximum,
which was noted by Horel (1982b) and observed at 850 mb in Figs. 2.4a
and 2.5a, is mirrored in the upper troposphere only in the meridional
wind field.
Plots of the amplitude and phase of the semiannual cycle M2 in u and
v are shown in Figs. 2.6 and 2.7, respectively. Significant amplitudes
are found only for the zonal component. At low levels, winter-summer
maxima in the semiannual cycle of u (represented by north-south oriented
vectors) are found over Southeast Asia, Africa, and northern Australia,
with weak spring-autumn maxima elsewhere in the tropics.
The latitudinal dependence of R1 (u) and R2 (u) in the upper tropo-
sphere contrast sharply. The annual cycle decreases near the equator to
the extent that the annual variability of the zonal wind at 200 mb at
stations within a narrow equatorial strip is primarily contained in the
semiannual cycle (Fig. 2.8).
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Figure 2.5 - As in Fig. 2,4, but for the annual cycle in the
meridional wind component.
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Figure 2.6 - As in Fig. 2.4, but for the semiannual cycle in
the zonal wind component. Arrowheads on each vector indicate
the maxima in the semiannual cycle using the same phase
convention as in Fig. 2.4.
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Figure 2.7 - As in Fig. 2.6, but for the semiannual cycle in
the meridional wind component.
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Figure 2.8 - Ratio of the amplitude of the annual cycle to the
amplitude of the semiannual cycle, for the 200 mb level zonal
wind at each station.
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At all locations, the phase of M2(u) shifts to maxima during late
spring and late autumn and the amplitude increases steadily with height.
At 200 and 150 mb, both the amplitude and phase of M2(u) are nearly
uniform throughout the tropics. Hence, although there is a general con-
sistency between the annual cycle in v and the semiannual cycle in u as
suggested by van Loon and Jenne (1969, 1970), the vertical structures of
the cycles differ. The phases of M1(v) and M2(u) are in quadrature, as
expected. However, R1(v) is large only in thin layers at the bottom and
top of the troposphere, whereas the vertical structure of R2(u) is a
monotonic increase with height.
To test the reliability of these statistics, the annual mean and
annual and semiannual cycles were calculated for separate decades 1961-
70 and 1971-80 for all stations whose data records were sufficiently
long. Amplitudes and phases of the cycles all proved extremely
reproducible: amplitudes agreed to within 1 m/s for the two decades,
and phases agreed to within one month for all cycles with amplitudes
greater than 1 m/s. This result confirms the reliability of the harmonic
statistics (and therefore, indicates that the presence of a spectral
peak at period 40-50 days does not significantly impact the estimates of
the climatological monthly means from which the harmonics were calcu-
lated), and also indicates the lack of any recent discernable trends in
the annual cycle on decadal time scales.
2.4 Annual variability over the equatorial western Pacific
An alternative framework for illustration of the annual variability
is the presentation of the various monthly or seasonal mean winds
themselves, without Fourier decomposition. In this section, the annual
variability is presented in a format which includes the annual mean and
monthly departures from the annual mean for both u and v components in
one plot for a single station. This format will be used to review the
annual variability, plotted as a function of pressure, at eight stations
near the equator - Trivandrum , Singapore, Kota Kinabalu, Koror, Truk,
Ma]uro, Canton, and Atuona. The western Pacific region is shown here to
be a transition zone between the monsoonal circulation near the Asian
continent and the trade wind circulation over the mid-ocean.
The same network of stations was used to create the annual mean
zonal mass flux cross-section in Section 2.2. The seasonal variability
of the zonal mass flux along this cross-section is presented in this
section.
The annual mean and annual variability of the wind from 850 mb to
200 mb at Trivandrum are shown in Fig. 2.9a. The annual mean wind is
plotted on the left as a function of pressure, and the monthly clim-
atological means for six months (January, March, May, July, September,
and November, labelled 1,3,5,7,9, and 11 respectively) on the right. The
annual mean has been subtracted from each monthly mean wind vector. Many
of the features described in Sections 2.2 and 2.3 can be seen in this
plot. The near-surface annual mean wind is westerly and northerly, with
strongest westerlies in the Northern Hemisphere summer. The meridional
component vanishes at 500 mb and increases again in the upper
troposphere, with meridional variability comparable at 200 and 850 mb.
The reversal of the phase of the annual cycle in mid-troposphere is
clearly evident.
By comparison, the annual mean meridional wind at Singapore, shown
Figure 2.9 - Annual mean wind and annual variability at
stations near the equator along a longitudinal band
extending from the southern tip of India eastward to the
mid-Pacific (see cross section A in Fig. 3.18 ). For each
station, the annual mean is plotted as a function of
height on the left, with the departures from the annual
mean for six months (January, March, May, July, Sept-
ember, and November, denoted 1, 3, 5, 7, 9, 11, respect-
ively) on the right. All vectors are plotted using the
same scale.
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in Fig. 2.9b, is smaller than at Trivandrum, but the annual variability
of v is greater, and the meridional departures from the annual mean are
reversed in sign. The zonal variability at Singapore leads that at
Trivandrum by several months.
Kota Kinabalu (Fig. 2.9c) is near the center of annual mean low
level zonal wind convergence. The center of annual mean upper level
divergence remains far to the east, indicative of the tilt of the Walker
Circulation. The meridional variability at low levels is greatly reduced
compared to Singapore, and the zonal variability is larger by about the
same proportion.
Further east at Koror (Fig. 2.9d), the annual mean zonal wind at 850
mb and 700 mb has switched to easterly. In the upper troposphere, the
annual cycle, which is so sharply defined at Trivandrum, has been
reduced in amplitude so that it is comparable to the semiannual cycle.
The result is a minimal shift in summer departures from the annual mean,
but a rotation of the late winter climatology from southwesterly depar-
tures at Trivandrum to southeasterly departures at Koror.
Truk (Fig. 2.9e) represents nearly the midpoint between monsoonal
and trade wind regimes. The annual mean wind is easterly at all levels
with very little vertical shear. The annual mean wind speed is about the
same as the magnitude of annual variability. In the lower troposphere,
the annual variability dominates the annual mean at stations west of
Truk, and the reverse is true east of Truk.
At Majuro (Fig. 2.9f), the low-level climatology is dominated by the
easterly annual mean, the speed of which is about twice as great as the
amplitude of the annual variability. In contrast, the annual mean above
500 mb is small, Ma]uro being in a region of upper level divergence.
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Meridional variability is small at all levels, with the annual cycle
predominant at low levels and the semiannual cycle predominant aloft.
The winds at Canton (shown in Fig. 2.9g), 170 east of Majuro and nearer
the equator, are similar.
As the final plot in this sequence, Fig. 2.9h presents the annual
mean and variability at Atuona, located in the mid-Pacific 100 south of
the equator. Westerlies prevail in the upper troposphere. The annual
variability of the zonal component is small at all levels, and the phase
of the variability is the opposite of the Northern Hemisphere stations.
The annual variability of the Walker Circulation is shown in plots
of the seasonal-average equatorial wind and zonal mass flux for the
Trivandrum-Atuona cross-section, shown in Figs. 2.10 and 2.11. The clim-
atological values of u and v for each season (Fig. 2.10) demonstrate
that lul > Ivi so that Mz reasonably approximates a mass stream function
in the longitude-height plane. The error associated with neglecting v is
greater for seasonal averages than for the annual average. In the upper
troposphere between 100 0E and 130 0E, where the annual variability in the
meridional wind is greatest, the meridional wind has nearly half the
amplitude of the zonal wind in the DJF and JJA seasons, so that the
neglect of v introduces an error of nearly one-third in the stream func-
tion approximation Mz.
The seasonal variability of the zonal mass flux is shown in Fig.
2.11. The Walker Circulation is most intense in the DJF season, when the
maximum westward mass flux is 80x109 kg/sec at 1500E, about twice the
annual mean (and twice the intensity of the M cell in Fig 2.1a). The
westward tilt with height of the rising branch in DJF is less than the
annual mean, and less than the Mz cell. In MAM, the Walker Circulation
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Figure 2.10 - As in Fig. 2.3a, but for individual
seasons: (a) DJF; (b) MAM; (c) JJA; (d) SON.
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Figure 2.11 - As in Fig. 2.3b, but for individual
seasons: (a) DJF; (b) MAM; (c) JJA; (d) SON.
a. Mz - DJF
SIN KIN IKO TRK MAJ
150
LONG I TUOE
b. Mz - MAM
TRY SIN KIN KON TRK PAJ CAN ATUloa
so0
200 -00-10400 -
Sao
50000- 02
low
60 90 120 150
LON 1 TUIE
100 -0S -120
c. Mz - JJA
TRVY IN KIN KO TIK MAJ CAN
LONI TUDE
d. Mz - SON
SIN KIN KOR TRK MAJ CAN
150 100
LONG ITUDE
150
200
Sm
500
700
050
-120
weakens and splits, with one cell zcentered at 1300E and a second
centered near the date line. In JJA, the circulation intensifies again.
The date line cell in JJA has nearly double the intensity of the MAM
cell, the central isopleth of the cell increasing from 30x10' kg/sec in
MAM to 55x109 kg/sec in JJA. The position of this cell is consistent
with the M cell for this season (Fig. 2.1b), but its intensity is
doubled, and the westward tilt with height of the rising branch is appa-
rent in Mz but absent in Mz. The reverse cell to the west is dra-
matically stronger and shifted westward, so that Mz shows concentrated
upward motion over Trivandrum, as it should during the Indian summer
monsoon. Both cells weaken in intensity again during SON.
The seasonal cycle of the Walker Circulation can be summarized as
follows: (1) a confined, intense Walker cell in DJF; (2) broadening to
the east and split, weaker Walker cells in MAM; (3) intensification of
the Walker Circulation near the date line and the monsoon circulation
over the Indian Ocean in JJA; (4) weakening of the zonal circulation in-
tensity with no shift in position in SON; (5) westward shift of the
Walker Circulation and intensification in DJF.
2.5 Discussion
In this chapter, the annual variability of the wind field has been
calculated based on climatological monthly means, from which the annual
and semiannual cycles can be resolved easily. In subsequent chapters,
which deal with interannual variability, we prefer to use seasonal means
(in order to minimize aliasing due to 40-50 day oscillations, a point
which will be discussed further in Chapter 3). Note that such aliasing
does not seriously impact the calculation of climatological monthly
means, as evidenced by the reproducibility of the annual and semiannual
cycles in separate decades.
The climatological seasonal averages for each station and pressure
level are shown in Appendix A. Seasonally averaged climatological wind
fields have been presented previously in atlas form by Newell et al.
(1972), Gray et al. (1976), and Oort (1983). A comparison of these three
seasonal climatologies with the present data revealed no significant
differences, despite the different periods of record available for
each set of analyses.
This encouraging result implies that the seasonal cycle in the
tropics is well-defined, even in records only a few years in length.
Hence, the subtraction of climatology to calculate seasonal departures
makes physical sense. Since there are parts of the tropical atmosphere
where interannual variability exceeds annual variability, and the Sout-
hern Oscillation is the dominant signal of interannual variability (both
results to be shown in Chapter 3), the presence of El Ni'o events in the
data records of all of the atlases listed above is probably a necessary
element for their similarity.
Above the surface, the magnitude of the zonal wind is greater than
the magnitude of the meridional wind. At the surface, other studies in-
dicate that the situation is much different. Horel (1982b) found that
meridional variability exceeded zonal variability in the tropical
Pacific surface wind field. Harrison and Gutzler (1985) showed that the
meridional component of the wind was much smaller at 850 mb compared to
the surface. Results presented in this chapter demonstrate that the re-
duction with height of the meridional wind continues up to the middle
troposphere.
The annual variability of the meridional wind at the top of the
troposphere has also been shown here to die out with decreasing height
over a small pressure interval. The annual cycle in upper tropospheric
meridional wind associated with the Hadley circulation is confined to a
narrower layer than the semiannual cycle in the zonal wind. Meridional
winds of significant amplitude are confined to layers approximately 150
mb thick at the top and bottom of the troposphere.
The observation that lul >> Ivi near the equator allows the neglect
of meridional winds in our calculation of zonal mass flux cells, which
can be interpreted as approximations to streamlines in the longitude-
height plane. The zonal mass flux over the western Pacific was used to
examine the annual mean and seasonal variability of the Walker Circula-
tion. The annual mean Walker Circulation was shown to have a pronounced
westward tilt with height, consistent with the observed displacement of
the center of upper tropospheric divergence in the annual mean zonal
wind field relative to the center of lower tropospheric convergence. The
Walker Circulation displayed a seasonal cycle featuring a semiannual
cycle in intensity, with maximum intensity in the DJF and JJA seasons.
The vertical structure of the rising branch of the Walker Circulation
derived from Mz has a westward tilt with height in all seasons.
Including the zonal mean zonal wind in the definition of the zonal
mass flux emphasizes the strength of the Walker Circulation. Mass flux
intensity derived from Mz implies that the monsoon dominates the mass
circulation field near the equator in JJA, whereas the Mz cells associ-
ated with the Walker and monsoon circulations have about the same in-
tensity. We shall return to the zonal mass flux to consider its temporal
anomalies in Chapter 4.
Chapter 3
SPATIAL STRUCTURE OF SEASONAL WIND ANOMALIES
3.1 Introduction
Historically, observational studies of tropical seasonal anomalies
have described individual climatic phenomena, each of which has a dis-
tinct signal. Examples of such phenomena are the monsoons, the Hadley
circulation, and the Southern Oscillation.
The monsoon regimes over India and Southeast Asia exhibit pronounced
interannual variability, which has been an object of study for many
years because of the profound social and economic implications of
monsoon rains. Shukla (1984) has recently reviewed the observational
record of the Indian summer monsoon. Significant interannual variability
is evident in the monsoon system, but its causes or predictability are
still poorly understood.
The Hadley cell, describing the mean meridional circulation in the
tropics, also varies in intensity from year to year. Bjerknes (1966)
viewed the interannual variability of the Hadley circulation as a
mechanism for tropical-extratropical interaction.
The Southern Oscillation, a prominent zonally oriented fluctuation
in the sea-level pressure field over the tropical South Pacific Ocean,
is the surface manifestation of a mass circulation cell called the
Walker Circulation (discussed in Chapter 2). The Southern Oscillation
is associated with the equatorial Pacific rainfall and sea surface
temperature variability which accompany oceanic El Niio events
(B]erknes, 1969; Julian and Chervin, 1978; Rasmusson and Carpenter,
1982).
A number of studies have shown these climatie phenomena to be inter-
related. For example, Krishnamurti (1971) and Krishnamurti et al.
(1973) showed that fluctuations in the meridional and zonal divergent
circulations at 200 mb over the Pacific were coupled to the region of
intense convection over the Indonesian region, and Rasmusson and
Carpenter (1983) found significant correlations between summer monsoon
rainfall over India and the Southern Oscillation.
Within the past decade, the Southern Oscillation has been shown to
be the dominant signal in the global tropics on seasonal time scales,
and therefore it has become a standard index for observational studies
of tropical interannual variability. Kidson (1975) found that time
series of the gravest components of empirical orthogonal function
analyses of monthly mean tropical sea level pressure, temperature, and
rainfall, were each highly correlated with sea level pressure
fluctuations at D]akarta [60S 107 0El, an index of the Southern
Oscillation. Subsequently, the Southern Oscillation was shown to be
correlated with seasonal anomalies in the extratropical circulation
(Horel and Wallace, 1981; Arkin, 1984; Mysak, 1984). Troup (1961, 1967)
showed that equatorial upper level wind fluctuations over the Indian
Ocean and central Pacific are negatively correlated, and suggested that
this opposition was associated with the Southern Oscillation. Arkin
(1982) and Selkirk (1984) examined the relationship between 200 mb
tropical winds and the SOI, using a twelve-year record of the National
Meteorological Center tropical analysis.
High correlations were found, particularly for the zonal wind com-
ponent. A sample of their results are shown in Fig. 3.1, which contains
(a) a time series of a Southern Oscillation Index; (bc) maps of the
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correlation coefficient between this index and time series of seasonally
averaged zonal and meridional wind components (for the DJF season),
taken from Selkirk (1984); (d) the spatial variability associated with
the first EOF of combined zonal and meridional 200 mb wind seasonal
anomalies, taken from Arkin (1982).
The Southern Oscillation Index used by Arkin and Selkirk, which
shall also be used in this thesis, is the difference between normalized
anomalies of seasonally-averaged sea level pressure at Tahiti [1805
150W] and Darwin 11205 1310E]. This particular index (which shall be
abbreviated SOI hereafter) was recommended by Chen (1982), who deter-
mined that it contained a greater fraction of its variance within the 2-
7 year period band compared with similar indices. During El Niio events,
sea surface temperatures (SSTs) are abnormally warm over the eastern
Pacific, meaning that the climatological east-west SST gradient is
reduced and the Walker circulation is weakened. Therefore the (Tahiti-
Darwin) pressure gradient is reduced and the SOI is negative. Notice
that the SOI has much greater amplitude in the decade of the seventies
than it does in the sixties. Arkin (1982) and Selkirk (1984) used the
same data set, spanning the period 1968-1979, which contained one very
weak El Niio and two strong ones.
The most prominent features on Selkirk's DJF zonal wind correlation
map (Fig. 3.1b) are the region of positive correlation in the mid-
Pacific on the equator, and the regions of negative correlation about
250 poleward in both hemispheres. Additional centers of negative corre-
lation appear over the northeastern Indian Ocean and over the equatorial
Atlantic Ocean.
The geographical extent of high correlations in the meridional wind
Figure 3.1
(a) Time series of Southern Oscillation Index (SOI).
(b) Correlation coefficient between seasonal anomalies of
zonal wind at 200 mb and SOI for the DJF season, taken
from Selkirk (1984).
(c) As in (b), but for seasonal anomalies of meridional wind.
(d) Spatial variability associated with gravest mode of an
EOF analysis of combined zonal and meridional 200 mb
seasonal wind anomalies, taken from Arkin (1982).
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field is more limited (Fig. 3.lc). Positive SOI is associated with
meridional anomalies at 150 latitude in both hemispheres directed toward
the equator at the western end of the strip of anomalous equatorial wes-
terlies, with oppositely-directed meridional anomalies at the eastern
end.
Together, the anomalous DJF zonal and meridional wind patterns imply
the existence of a pair of troughs straddling the equator over the
eastern Pacific. This zonal wind pattern was repeated in the statistics
for other seasons, but the associated meridional wind anomalies were
less reproducible.
The principal features of the correlation maps are reproduced in the
gravest EOF mode described by Arkin (1982), shown in Fig. 3.1d. Over the
Pacific, the EOF mode includes positive zonal wind anomalies along the
equator, negative zonal wind anomalies along latitudes 300N and 2505,
and cyclonic circulations centered lust east of the dateline at 150N and
10S. Since the EOF mode is determined independently of the SOI, its
close resemblence to the SOI - wind correlation patterns indicates that
the El Nifio - Southern Oscillation signal, which is defined in terms of
surface variables, is prominent in the upper troposphere as well.
Arkin (1984) determined further that the residual 200 mb seasonal
wind variance not correlated with the SOI had very little power at
interannual time scales, suggesting that the residual was effectively
"noise'. Therefore, the SOI - wind correlation maps and wind EOF
calculations are complementary analyses describing the same tropical
anomaly patterns.
All of these studies have described exclusively the horizontal
structure of variability, either at the surface or at 200 mb. The
observed vertical structure of tropical variability has been
investigated only for higher frequency fluctuations. The vertical
structure of daily wind fluctuations over the tropical western Pacific
was studied by Adams (1971) using one-dimensional empirical orthogonal
functions (IdEOFs). He found that the statistically dominant mode of
Northern Hemisphere summertime meridional wind fluctuations had a
"baroclinic" structure, i.e. wind anomalies of opposite sign in the
upper and lower troposphere. In the Northern Hemisphere winter season,
however, the dominant mode had an "equivalent barotropic" structure,
with anomalies of like sign throughout the troposphere.
The presence of a wide range of frequencies in time series of daily
data makes it difficult to interpret Adams' results. Adams sought to
explain the vertical structure in terms of tropical easterly waves,
which have a time scale of about one week (Wallace, 1971). He interpre-
ted the summer structure as the signature of tropical easterly waves,
and attributed the winter structure to the lack of such waves. However,
Madden and Julian (1971) documented the existence of a peak in the
variance spectrum of the zonal wind at stations near the equator at a
period of 40-50 days. Recent work (Madden, personal communication)
indicates the presence of the 40-50 day wave in meridional winds as
well. The variability in Adams' data may have been associated primarily
with the 40-50 day wave.
The 40-50 day signal has also been found in outgoing longwave
radiation statistics (Weickmann, 1983), and in time series of
atmospheric angular momentum (Anderson and Rosen, 1983). In order to
minimize spurious interannual variability due to aliasing of the 40-50
day signal, the monthly mean data taken from Monthly Climatic Data for
the World were averaged into seasonal means for the interannual
variability calculations presented in Chapters 3 and 4.
Modeling studies of tropical tropospheric interannual variability
have focused on simulating the time-independent circulation response to
large-scale stationary heat sources. Gill (1980) investigated the re-
sponse to prescribed forcing of a shallow water model in which the hor-
izontal and vertical components of motion on an equatorial A-plane are
separated, following the procedure formulated by Matsuno (1966). Gill
was interested in the horizontal response, so he assumed that the ver-
tical structure was simply the first baroclinic mode,
V(z) = Vhsin(wz/D)
where z is height and D is the depth of the troposphere. This structure
assumes that the heating is distributed sinusoidally in the vertical,
with maximum amplitude at height D/2. The equivalent depth h of the
shallow water model was then determined by
h = c'/g = (N'D2 )/(i'g) (3.1]
where c is the shallow water phase speed and N is the Brunt-Vaisala fre-
quency. Gill assumed values for N and D of .012 s-' and 15 km, so that
the equivalent depth of the response was about 350 m and the implicit
level of maximum heating was 7.5 km (about 400 mb).
The vertical structure assumption was tested within the context of
the shallow water equations by Geisler and Stevens (1983), and Lim and
Chang (1983). Geisler and Stevens verified that the sinusoidal wind
structure assumed by Gill (1980) represented the correct response when
the rigid lid at z=D implicit in Gill's calculation was moved to a much
higher level. Lim and Chang (1983) tested the sensitivity of the
shallow water model to arbitrary changes in the equivalent depth. They
considered the implications of assuming an equivalent depth so large
that the response was effectively equivalent barotropic. An equivalent
depth of 1500 m allowed such a response in their model. The larger phase
speed of such a mode meant that its meridional extent was greater,
making the mode less sub]ect to equatorial trapping. Its westward-
propagating Rossby component could propagate entirely around the equator
and affect the response to the east of the forcing region. They argued
that such behavior was consistent with the observed tendency for tropi-
cal upper tropospheric temperatures to fluctuate in phase at all
longitudes on an interannual time scale, and also consistent with the
apparent tropical forcing of middle latitude teleconnections with an
equivalent barotropic structure (Horel and Wallace, 1981).
Geisler (1981) simulated the Walker Circulation using a steady prim-
itive equation model linearized about a motionless basic state with con-
stant static stability. He examined the sensitivity of this model to
changes in the vertical structure of the prescribed diabatic heating and
dissipation. He obtained realistic amplitudes using the Yanai et al.
(1973) profile with damping supplied by cumulus friction. The most
serious discrepancy between the model's response, expressed in terms of
the zonal mass flux and observations (the Newell et al. (1974) Mz field
for DJF shown in Fig. 2.1a) was that the model's center of overturning
was around 600 mb, whereas the observed Mz overturning occurred between
400 and 500 mb.
The validity of many of these modeling studies hinges on the rele-
vance of the heating profile calculated by Yanai et al. (1973). The
profile was derived from synoptic data observed over the western
Pacific. It was intended to represent the atmospheric heating due to
moisture condensation in towering cumulus clouds. The profile's vertical
structure has a broad maximum near 400 mb and decreases to near zero at
the bottom and top of the troposphere.
The vertical structure of the Yanai et al. heating profile was ques-
tioned by Houze (1982), who included the diabatic effect of stratus
clouds in a heating profile based on GATE data from the tropical
Atlantic. Houze argued that in the deck surrounding the cumulus clouds,
moisture condenses in the upper troposphere and evaporates below cloud
level in the lower troposphere. This effect, when added to the heating
from the cumuli, yielded a heating profile with a pronounced maximum in
the upper troposphere and weak net heating in the lower troposphere.
When this profile was used to force a linearized primitive equation
model (Hartmann et al., 1984), the effect was to raise the node of the
wind response to about 400 mb and tilt the zonal circulation cells so
that the upper branch of the cell was located to the west of the lower
branch. Hence, compared to the circulation cells forced by a Yanai et
al. profile, the circulation cells forced by Houze's elevated heating
profile more closely resembled the DJF M* field.
The vertical structure of interannual variability is a major source
of uncertainty in modeling studies. However, the observational studies
to date have examined only the horizontal structure of variability,
either at the surface or at the 200 mb level. In this chapter, the
three-dimensional distribution and structure of tropical interannual
wind fluctuations based on station rawinsonde data is documented and
described.
First, the geographical and vertical distribution of interannual
variability will be examined in Section 3.2. The magnitude and distri-
bution of interannual variance will be compared to the periodic annual
variability discussed in the previous chapter. Then, the vertical struc-
ture of interannual variability will be examined. The IdEOF analysis
technique will be employed in Section 3.3 to define the characteristic
vertical structure of seasonal wind anomalies at each station. Section
3.4 considers the three-dimensional structure of interannual
variability. In part (a), correlations between the SOI and the three-
dimensional wind field are presented, and the vertical structure of the
correlation statistics are compared with the vertical structures derived
from the IdEOF calculations from Section 3.3. In part (b), a separate
two-dimensional EOF (2dEOF) calculation is developed to describe the
longitude-height structure of seasonal zonal wind variability over the
Trivandrum-Atuona cross-section. A summary and discussion in Section 3.5
conclude the chapter.
3.2 Geographical distribution of interannual variance
Fig. 3.2 contains plots of the standard deviation of seasonal
anomalies of the zonal wind at three levels: 200 mb, 500 mb, and 850 mb.
Data from all calendar seasons are included in these statistics, with
separate seasonal means (shown in Appendix A) removed for each season.
At 850 mb, the standard deviation of the zonal wind is of order 1
m/s. This number varies from less than 0.5 m/s along the west coast of
South America south of the equator, to greater than 1.5 m/s at islands
in the equatorial western Pacific. The region of maximum variability
corresponds to the location of greatest surface wind anomalies
associated with ENSO events (Rasmusson and Carpenter, 1982). During the
Figure 3.2 - Standard deviation of time series of
seasonal anomalies of zonal wind (all seasons in-
cluded). Units m/s.
(a) 200 mb level, with 2, 3, and 4 m/s contours drawn.
(b) 500 mb level, with I and 2 m/s contours drawn.
(c) 850 mb level, with 0.5 and 1.5 m/s contours drawn.
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"Transition" phase of the composite event, defined by Rasmusson and
Carpenter as the period from August to October following South American
coastal sea surface temperature warming, westerly wind anomalies exceed
2.5 m/s near 5N 160 0E.
Harrison and Gutzler (1985) considered the relationship between
surface and 850 mb level wind variability at five western Pacific
islands, and found that the standard deviation of monthly mean zonal
winds increased by a factor of two from the surface to 850 mb. It is
apparent from Fig. 3.2, however, that the variability equatorward of
100 does not increase further with height in the lower troposphere.
At 500 mb, horizontal gradients of zonal wind variability are small.
A slight minimum, where the standard deviation is less than 1.0 m/s,
exists near the equator over South America and western Africa. Maximum
variability occurs over the subtropics of the Pacific Ocean in both
hemispheres.
A similar pattern is observed at 200 mb, but the variability
gradients are larger. The variability increases with height from 500 mb
to 200 mb everywhere. The standard deviation is generally less than 3.0
m/s within 120 of the equator except over the eastern Pacific, where the
subropical maxima extend equatorward. Minimum variability occurs near
the equator around 130 0E.
The interannual variability of the zonal wind increases with height
everywhere in the tropics except over the equatorial western Pacific,
where the variability decreases with height in the lower troposphere and
increases with height in the upper troposphere. The difference between
the two vertical profiles of variability is illustrated in Fig. 3.3. The
interannual standard deviation of seasonally averaged zonal wind for all
mb
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Figure 3.3 -Vertical profile of the standard
deviation of seasonal anomalies of zonal wind
at Truk (70N 151 0E, dashed line), and Johnston
(170N 1700W, solid line).
six pressure levels at Truk [8°N 152E3] is plotted as a dashed line, and
the corresponding profile for Johnston E17 0N 170°W] is plotted as a
solid line. The two curves have been extended to the surface using the
surface wind data of Harrison and Gutzler (1985).
The variability increases monotonically with height at Johnston up
to its maximum value at 200 mb. This profile is typical of geopotential
height variability (in all frequency ranges) in middle latitudes
(Blackmon et al., 1979). Since large scale wind fluctuations in the
extratropics are nearly geostrophic, this profile of variability applies
to the mid-latitude wind field as well.
The Truk profile, with its mid-tropospheric minimum, is similar to
the simple cos(Tz/D) profile assumed by Gill (1980) as the stationary
response to a near-equatorial latent heat anomaly, but with two
important differences. These are at the bottom, where boundary layer
dissipation could explain the decrease in variability below 850 mb, and
at the top, where the variability increases sharply above 300 mb.
This vertical profile of interannual variability is observed only
over the equatorial western Pacific. It is distinctly different from the
vertical profile of daily zonal wind variability, which increases
monotonically with height (Newell et al., 1972; Oort, 1983).
The standard deviation of seasonal anomalies of the meridional wind
is shown in Fig. 3.4. At 850 mb, a broad region of low variability (less
than 0.5 m/s) extends across the equatorial Pacific. The variability
increases with height everywhere to approximately 1.5 m/s at 200 mb.
Above 850 mb, the longitudinal gradients of variability are negligible;
at each level, minimum values of the standard deviation are found along
the equator and the variability increases poleward in both hemispheres.
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Figure 3.4 - As in Fig. 3.2, but for seasonal anomalies of meridional wind.
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Figure 3.5 - Ratio of interannual variance to periodic
variance (annual + semiannual cycles) for zonal wind at:
(a) 200 mb level
(b) 500 mb level
(c) 850 mb level
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Thus, the vertical profile of meridional wind variability is the same
everywhere in the tropics. No counterpart to the western Pacific zonal
wind vertical profile is found in the meridional wind field.
The magnitude of interannual variability relative to the periodic
variability is described by Figs. 3.5 and 3.6, which contain plots of
the variance ratio
2
S/R = 3.232 20.5 (R + R21 2
where o2 is the interannual variance (the square of each standard
deviation shown in Figs. 3.2 and 3.4), R1 is the amplitude of the annual
cycle, and R2 is the amplitude of the semiannual cycle. The denominator
in [3.2J is the quantity VAR12 shown for each station and pressure level
in Table 2.1. If S/R is much less than 1.0, then the annual variability
is much greater than interannual fluctuations (for example, this is the
case for mid-latitude surface temperatures, since the warmest of winters
is still much colder than a very cool summer). If the ratio equals 1.0,
then interannual and annual variability are equal. Where there is very
little annual variability, S/R can be much greater than one.
At 850 mb, the amplitude of the semiannual cycle is smaller than the
amplitude of the annual cycle or the interannual variability for both
the zonal and meridional wind components (with the exception of the
southeastern Pacific region, where the standard deviation of each com-
ponent of the variability is less than 1 m/s), and the interannual
variance is not strongly dependent on location. Hence, the geographical
distribution of S/R is determined primarily by the amplitude of the
annual cycle. For the zonal wind at 850 mb, S/R is greater than one over
the entire tropical eastern Pacific and south of the equator over South
America and Africa. Over the western Pacific, Southeast Asia, Central
America, and North Africa, periodic variability is greater than inter-
annual variability.
At 500 mb, interannual variability of the zonal wind is greatest
compared with annual variability in a strip around 1005 latitude, which
again corresponds to a region of small annual cycle amplitude. The S/R
ratio is less than one throughout the Northern Hemisphere, but remains
highest over the subtropical eastern Pacific. At 200 mb, interannual
variability is comparable to annual variability only over the eastern
Pacific and equatorial South America.
The vertical structure of S/R in the meridional wind field is domi-
nated by the vertical structure of the annual cycle associated with the
Hadley circulation. Where the local Hadley circulation is strong, at 850
mb and 200 mb over Africa, the maritime continent, and northern South
America, S/R is small. Over the subtropical Pacific, particularly in the
Southern Hemisphere, S/R is greater than one and most of the variance is
interannual rather than seasonal. At 500 mb, the interannual component
dominates the total variability everywhere except western South America
and Central America, where the annual cycle in v is appreciable.
3.3 Vertical structure of interannual variability
The local vertical structure of seasonal wind anomalies is examined
in this section through the application of one-dimensional empirical
orthogonal function (IdEOF) analysis. This technique transforms a set of
time series of winds at n points in space into a set of time series of n
orthogonal modes which provide an efficient and (one hopes) a physically
meaningful framework for discussing variability.
This analysis technique has become widely used in climate studies.
Its application to studies of the vertical structure of atmospheric dis-
turbances began with the work of Holmstr6m (1963), who sought to deter-
mine the average structure of geopotential height, temperature, and wind
components for the Northern Hemisphere extratropics by considering soun-
dings from a large network of radiosonde stations on a single day.
Blackmon et al. (1979) used the same technique to examine spatial varia-
tions in the vertical structure of geopotential height fluctuations by
carrying out separate EOF expansions for the time series associated with
each station. Adams (1971) compared vertical EOF expansions of daily
time series at several stations in the tropical western Pacific.
A sample of these results is shown in Fig. 3.7. The gravest modes of
Holmstr6m's analysis for geopotential height, and zonal and meridional
wind components, are shown in Fig. 3.7a. For each parameter. anomalies
from the mean state (which in this case is a spatial average) tend to
have the same sign at all levels, with the amplitude of the anomaly in-
creasing with height. Blackmon et al. found that temporal height
anomalies had the same vertical structure (Fig. 3.7b). Adams found that
the vertical structure of meridional wind anomalies in the tropical
western Pacific varied from place to place, and also from season to
season. At Truk E80 N 152EL], meridional wind anomalies tended to have a
vertical structure similar to extratropical anomalies during his
February-May period, but a very different vertical structure, with a
node in mid-troposphere, during the July-October season (Fig. 3.7c). He
denoted the vertical structure in which anomalies have the same sign at
all levels as "equivalent barotropic', and the structure with anomalies
of different sign in the upper and lower troposphere as "baroclinic'.
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Figure 3.7
(a) Shape of the dominant EOF
mode of temperature (solid
line), zonal wind (dotted line)
and meridional wind (dashed
line), taken from Holmstrom
(1963).
(b) Shape of the dominant EOF
mode of daily wintertime
b, geopotential height fluctua-
tions at [500N 1600 W], taken
from Blackmon et al. (1979).
(c) Shape of the dominant
EOF mode of daily meridional
C. wind fluctuations at Truk
[80N 1520 E] for July-October
1967 (left) and February-May
1967 (right), taken from
Adams (1971).
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In this section, interannual variability of wind components at each
station is examined, following the IdEOF procedure developed by Blackmon
et al. (1979). The analysis technique is discussed in detail in Section
2 of Appendix B. In brief, the procedure is as follows.
First, the time mean is removed from the time series of winds separ-
ately for each station, season, and pressure level. IdEOF analyses are
then carried out on the time series of seasonal anomalies, grouping the
data in several different ways. The first set of analyses described
below treat the zonal and meridional wind components separately for the
four calendar seasons. Then, a single analysis for individual stations
is made including all seasons together. In each case, the ldEOFs are the
eigenvectors of the mass-weighted covariance matrix of wind fluctua-
tions, i.e. the solutions of
[l uw 1  [E] = Xk E k,l,m = 1,..,6
where ul is a scalar wind component at level 1, wlm is a mass-weighting
factor, k and El are the eigenvalues and eigenvectors, and the overbar
represents a time average. By convention, the eigenvalues are ordered
such that X1 > 2 > ... > X6 . The eigenvalues represent the fraction of
variance associated with each eigenvector. The eigenvectors form an
orthonormal basis set, so that the original time series of winds can be
reconstructed by summing together the complete set of eigenvectors
multiplied by the associated time series of principal components Pk,
which are defined by projecting the eigenvectors Ek onto the wind field
at each point in time.
In the subtropics of both hemispheres, the vertical structure of
interannual wind variations is similar to the equivalent-barotropic
structure documented by Holmstr6m and Blackmon et al. in the extra-
tropics. As an example, Fig. 3.8 shows the gravest mode of zonal wind
variability at Johnston [17°N 170W]3, for seasonal anomalies for (a) the
DJF season only; (b) the JJA season only; and (c) all seasons, along
with the percentage of the total mass-weighted variance explained by the
mode. The vertical structure of the gravest mode varies little from
season to season, so that the mode based on year-round data has the same
structure as any of the seasonal modes. This single mode explains about
80Z of the total interannual variance.
Near-equatorial wind fluctuations typically exhibit a different ver-
tical structure. Plots of the gravest IdEOF mode derived from zonal wind
anomalies at Canton (305 1710W] are shown in Fig. 3.9, for DJF, JJA, and
all seasons. Over half the zonal variance is associated with a vertical
structurein which wind anomalies have opposite signs in the upper and
lower troposphere. Generally, the amplitude of the gravest mode at near-
equatorial stations has its maximum amplitude in the upper troposphere,
as at Canton. Following Adams (1971), a mode with this shape shall be
denoted as exhibiting a "baroclinic" structure. The statistical
uncertainty of these eigenvectors is considerably greater than the
gravest modes at Johnston, because the data record is so much shorter at
Canton. The shape of this mode is closely reproduced at many other near-
equatorial stations, however.
The gravest mode at each station for each season always takes on one
of these two forms. However, at some locations the shape of the mode is
not the same for all seasons. At Ma]uro [70N 1710E], the mode describing
DJF fluctuations has an equivalent-barotropic structure (Fig. 3.10a),
while the mode describing JJA fluctuations has a baroclinic structure
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Figure 3.8 - Gravest mode of the
EOF expansion of seasonal anomalies
of zonal wind at Johnston [17 0N
1700 W] based on:
(a) DJF data only
(b) JJA data only
(c) all seasons
Percentage of total mass-weighted
variance explained by the gravest
mode is shown for each mode.
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Figure 3.9 - As in Fig. 3.8,
but for Canton [30 S 1710W]
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(Fig. 3.10b). The mode based on year-round data has a hybrid structure
and explained an appreciably smaller fraction of the total variance.
Similarly, the gravest mode based on seasonal anomalies for DJF
(local summer) at Darwin 112 05 1310E] is baroclinic in shape (Fig.
3.11a), while the corresponding mode for JJA (local winter, Fig. 3.11b)
is equivalent-barotropic. Here, the gravest mode using year-round data
(Fig. 3.11c) takes the shape of the summer mode, since the interannual
variability of summer anomalies is much greater than the variability
during the other three seasons, but only half of the total variance is
explained by this mode.
The geographical and seasonal variability of the shape of the
gravest mode is shown in Fig. 3.12. In each figure, a "I" is plotted at
each station where interannual variability of the zonal wind has an
equivalent-barotropic structure, and a "2" is plotted where the gravest
mode has a baroclinic structure. Separate plots are shown for each
season, and are labelled with reference to Northern Hemisphere seasons.
Also shown on each plot are regions of intense convection, as defined by
the 2400 contour of the climatological outgoing longwave radiation field
for each season, taken from Janowiak et al. (1985).
The equivalent-barotropic vertical structure is predominant at sta-
tions poleward of 120 latitude in both hemispheres for all seasons.
Considering also the results of earlier studies, we conclude that this
vertical structure is representative of mid-latitude fluctuations for a
broad range of frequencies, and does not seem to vary appreciably with
season or longitude.
Equatorward of 120, the latitudinal range over which the predominant
vertical structure of interannual variability is baroclinic corresponds
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Figure 3.12 - Shape of the gravest vertical mode of zonal wind fluctuations
at each station. "1" represents an equivalent-barotropic shape, and
"2" represents a baroclinic shape. Contours delineate regions where the
climatological outgoing infrared brightness temperature is less than
2400 (taken from Janowiak et al., 1985).
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Figure 3.12 (continued)
(c) JJA season.
(d) SON season.
closely to the latitudinal extent of intense near-equatorial convection.
For example, the vertical structure at Darwin (on the northern coast of
Australia) is baroclinic for interannual fluctuations during Southern
summer (cf. Fig. 3.10a) and autumn, when the 2400 longwave isotherm
reaches its southernmost extent. An equivalent-barotropic structure
dominates the variability during Southern winter (cf. Fig. 3.10b) and
spring, when the ITCZ retreats northward. The baroclinic mode is
predominant for all seasons at stations nearer the equator in the
Pacific, which remain within the band of intense convection year-round.
This interpretation of the latitudinal half-width of the band of
baroclinic mode prodominance agrees well with a study of cloudiness
fluctuations by Murakami (1975), who found large interannual changes in
longitudinal cloudiness perturbations between 150N and 150S.
The climatological longitudinal limits of intense convection do not
correspond to changes in the shape of the dominant vertical mode. The
interannual variability at Atuona [100S 139W3] is described by a
baroclinic vertical structure for all seasons, despite the station's lo-
cation in the eastern Pacific dry zone.
These results can be interpreted in terms of the concepts of sta-
tionary equatorial heat-forced circulations discussed in Section 3.1.
The latitudinal extent of the response to equatorial forcing of the Gill
(1980) model is determined by the equatorial Rossby radius YE' defined
as
1/4
S(gh) 3.31
E 2(2 1/2
which is about 100 of latitude at the equator for h = 350 m. This width
agrees well with the latitudinal wigth of baroclinic vertical mode
predominance shown in Fig. 3.12. The extent of equatorial trapping is
not very sensitive to the details of the vertical distribution of
heating, because the Rossby radius is proportional to the fourth root
of h.
The longitudinal extent of the response is much less limited. It is
more sensitive to changes in the equivalent depth (Lim and Chang, 1983),
because c is proportional to the square root of h in [3.11. The sensi-
tivity of the longitudinal extent of the response to changes in the
linear damping coefficient was examined by Zebiak (1982). For realistic
values of equivalent depth, damping, and heating, the response to a
patch of anomalous heating over the western Pacific of the shallow water
model extends eastward completely across the Pacific and westward to
the mid-Indian Ocean. In conjunction with the other major centers of
convection over South America and Africa, the domain of the forced re-
sponse with the baroclinic vertical structure observed here should span
all longitudes.
Furthermore, anomalous heating over the Pacific is typically associ-
ated with a longitudinal shift in the Indonesian center of convection,
so that the forcing region can be located a large distance eastward from
its climatological position. Heddinghaus and Krueger (1981) found that
the dominant mode of an EOF decomposition of nonseasonal outgoing
longwave radiation variability described a fluctuation along the equator
between longitudes 1200E and 1800.
The percentage of variance explained by the gravest mode of zonal
wind interannual variability is plotted in Fig. 3.13 for each season.
The dominance of the gravest mode is most pronounced over the eastern
Pacific Ocean, where one mode typically accounts for over 80Z of the
variance. A very clear vertical structure transition with latitude takes
place across this region, since the dominant mode changes shape near the
equator. The gravest mode explains less than 60Z of the variance over
equatorial Africa and the western Pacific.
Estimates of the statistical uncertainty of the shape of the gravest
mode, and percentage of variance it explains, are developed in Section 2
of Appendix C. For time series with 15-20 degrees of freedom, the uncer-
tainty in the first eigenvalue (or, equivalently, the percentage of
variance) is about one-third (Table C.2). One degree of freedom per year
is assumed here. The shape of the gravest mode is resolved with con-
fidence when the percentage of variance explained by the mode exceeds
about 70Z (80Z) for time series of length 20 (15) years. This consider-
able statistical uncertainty is mitigated by the association of the
baroclinic modes with regions of intense equatorial convection, lending
plausibility to the geographical distribution of mode structures.
The same EOF procedure applied to meridional wind anomalies yielded
results which were much less readily interpreted. The eigenvector modes
were less distinctly separable and their shapes were not as simple as
the modes based on zonal variability. Fig 3.14 shows the percentage of
mass-weighted variance explained by the gravest meridional wind modes
for each station for DJF and JJA seasons. The percentage of variance
exceeds 802 for only a very few stations, so that the difference between
eigenvalues 1 and 2 was generally much less for the meridional modes
than for the zonal modes. Since the uncertainty in the shape of an
eigenvector increases as the separation between neighboring eigenvalues
decreases, we generally have less confidence in the meridional wind
eigenvectors relative to the zonal wind eigenvectors.
Zonal and meridional wind components were treated together by
calculating the EOFs of vector wind anomalies, using the methodology of
Hardy and Walton (1978), as outlined in Section 3 of Appendix B. The
complex elements of the eigenvectors represent both u and v components.
By rotating each eigenvector so that the variance of the imaginary part
of the time series of associated principal components is minimized, the
phase of each eigenvector assumes its preferred orientation, i.e. the
axis along which most of the variability takes place. Near the equator,
it was generally found that the preferred orientation of the gravest
mode of each complex decomposition was nearly zonal at all levels. For
example, the gravest modes describing the vertical structure of vector
wind interannual variability at Majuro are shown in Fig. 3.15. The
horizontal (zonal) component dominates the element of the eigenvector at
each level. The vertical structures of the horizontal components for
both the DJF and JJA seasons are nearly identical to the structures
derived from the zonal wind anomalies alone (Fig. 3.10).
The lack of coherent vertical structures in meridional wind fluctua-
tions is consistent with the structure of the forced, stationary
circulation responses in simple models (Gill, 1980; Geisler, 1981),
which have a meridional component only very near the forcing region.
However, it is also possible that whatever coherent structures are
present in the meridional wind field are simply lost in the climate
"noise'. The interannual variance is smaller for v than for u (Figs. 3.2
and 3.4), but the high-frequency variability associated with tropical
waves is distributed almost equally between zonal and meridional wind
components (Wallace, 1971). Hence, Luther and Harrison (1984) found that
aliasing due to sampling errors in estimates of time-averaged tropical
100
a. 7. VARIANCE EOFI U DJF
120 180 120 50N 0 50E
b. % VARIANCE EOF1 U MAM
120 180 120 60N 0 50E
Figure 3.13 - Percentage of variance explained by the gravest vertical
mode of zonal wind fluctuations at each station.
(a) DJF season.
(b) MAM season.
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Figure 3.13 (continued) - Percentage of variance explained by the gravest
vertical mode of zonal wind fluctuations at each station.
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(d) SON season.
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Figure 3.14 - As in Fig. 3.13, but for meridional wind fluctuations.
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surface winds was more severe in the meridional component, a result
which probably is valid above the surface as well. The remainder of the
thesis will focus on the zonal wind component, for which a clear inter-
annual signal is present.
3.4 Horizontal structure of seasonal anomalies
In this section, the horizontal and vertical structure of inter-
annual wind variability in the station data time series are described
together, using both SOI - wind correlations (as in Selkirk, 1984), and
a multi-station EOF analysis calculated independently of the SOI (as in
Arkin, 1982). For a description of the three-dimensional structure of
variability over the entire tropical region, correlations between the
SOI and the seasonal wind anomalies are better suited to this data set
than EOF calculations. This is because the EOF technique is sensitive to
the spatial distribution of the data. If the data are unevenly spaced,
as are these station data, then the selection of spatial modes may be
biased by the data spacing. In the vertical dimension, the uneven
spacing of the data points can be compensated by the mass-weighting
scheme used here. Unfortunately, there is no obvious way to accomodate
the sparse, uneven geographical distribution of stations. This is one
great technical advantage offered by analysis products, where the data
are available on an evenly spaced grid.
Therefore, part (a) of this Section will describe temporal correla-
tions between the SOI and seasonal anomalies of wind at different levels
for the entire tropical station network. The IdEOF modes for individual
stations derived in Section 3.3 are shown to provide a concise framework
for describing the geographical distribution of the vertical structure
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of wind anomalies associated with the 50I.
Then, in part (b), a two-dimensional EOF (2dEOF) analysis is used to
describe the longitude-height structure of seasonal wind variability of
the near-equatorial Walker Circulation over a subset of the station
network where stations are spaced nearly uniformly, the Trivandrum-
Atuona cross-section. The vertical structure of the 2dEOF analysis is
compared with the IdEOF calculations, and its horizontal structure is
compared with the 200 mb calculations of Selkirk (1984) and Arkin
(1982).
a. CORRELATIONS BETWEEN TROPICAL WINDS AND THE SOI
In Fig. 3.16, plots of the correlation between the zonal wind and
the 50I at each level for the DJF season are shown. The statistical
significance of these correlations is discussed in Section 1 of Appendix
C. For most stations (those with more than 15 years of data), correla-
tions of magnitude 0.4 to 0.5 can be considered significantly different
from zero with 95z confidence. The calculated correlation coefficient is
plotted at every station, with the ±0.4 contours delineated.
Large-scale, significant correlations at 850 mb are restricted to
the southern Pacific Ocean. A third equatorial center, positively corre-
lated with the SOI over South America, is stronger at 700 mb. Negative
correlations over the Indian Ocean and the Caribbean regions become more
prominent with height, and the regions of high correlations elongate
zonally in the upper troposphere. The correlations at the centers over
South America and the Pacific decrease in magnitude with height up to
500 mb. Between 500 mb and 300 mb, the signs of the correlations reverse
near the equator. Above 300 mb, the magnitudes of the correlations then
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increase with height again.
The IdEOF modes described in Section 3.3 provide a concise, effi-
cient depiction of the patterns observed in the plots of 50I - zonal
wind correlations at individual pressure levels. The time series of
principal components associated with baroclinic and equivalent-
barotropic modes were correlated with the SOI at each station. For these
calculations (and the corresponding statistics for other seasons shown
subsequently), the second IdEOF mode was examined as well as the first
mode at most stations. This was possible because (1) the shape of the
second mode corresponded visually to a baroclinic or equivalent-
barotropic form at nearly every station (the second mode taking the
shape not assumed by the gravest mode), and (2) the baroclinic and
equivalent-barotropic structures are spatially near-orthogonal, allowing
the EOF algorithm to separate them cleanly.
Fig. 3.17 shows the plots of the correlations thus obtained, with a
blank plotted at locations for which the second mode was not readily
associated with a baroclinic or equivalent-barotropic shape. The
baroclinic modes are highly correlated with the SOI at stations within
120 of the equator from the eastern Indian Ocean eastward to South
America. Even at Truk and Majuro, where the dominant mode of DJF inter-
annual variability has an equivalent-barotropic vertical structure, it
is the baroclinic mode which is strongly correlated with the 50I. The
SOI is negative during a DJF season corresponding to a fully developed
El Nino event, so that the correlation pattern in Fig. 3.17a is associ-
ated with upper tropospheric easterly anomalies across the equatorial
Pacific flanked by upper tropospheric westerly anomalies over Indonesia
and South America. Lower tropospheric anomalies have the opposite signs.
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Figure 3.16 - Correlation coefficient between SOI and
seasonal anomalies of zonal wind at each station for the
DJF season.
(a) 850 mb level
(b) 700 mb level
(c) 500 mb level
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(e) 200 mb level
(f) 150 mb level
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The near-equatorial upper tropospheric anomaly pattern is consistent
with the patterns shown by Selkirk (1984, see Fig. 3.lb). Central
Pacific surface westerlies during El Niio have been documented by
Rasmusson and Carpenter (1982), and Pazan and Meyers (1982). The longi-
tudinal position of the nodes of the pattern are consistent with low-
level convergence near 1200W and divergence near 150 0E during negative
50I seasons, corresponding to the eastward displacement of convection
which occurs during El Niio (Bjerknes, 1969). The pattern also suggests
lower tropospheric divergence over the Atlantic, an intriguing result
because El Niio periods are associated with drought over northeastern
Brazil (Caviedes, 1973).
The equivalent-barotropic modes are highly negatively correlated
with the SOI over the Pacific at subtropical latitudes, over Southeast
Asia, and over Africa. Correlations at the near-equatorial Pacific sta-
tions are small. If we consider that the SOI is a proxy index of tropi-
cal Pacific convective forcing, then the separation of the wind correla-
tions into these vertical modes is consistent with the modeling result
of Simmons (1982), who found that the local response to tropical heating
had a vertical structure resembling that of the Gill (1980) model,
whereas the far-field response had an equivalent-barotropic structure.
The vertical structure of the correlation between the 5OI and inter-
annual fluctuations of the DJF zonal wind field is further illustrated
by considering two cross-sections. The first is the same Trivandrum-
Atuona cross-section used to define the Walker Circulation (shown as
Network A on the map in Fig. 3.18). The second cross-section, based on
Network B in Fig. 3.18, has a southwest-northeast orientation extending
from Noumea in the South Pacific across the equator to Miami.
- 350S
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Figure 3.18 - Map showing locations of stations used in the cross sections plotted in
Figs. 3.19 and 3.20.
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The Network A cross-section (Fig. 3.19) shows that the correlations
of largest magnitude along the equator have opposite signs at the
highest and lowest levels (i.e. a baroclinic structure) with no indi-
cation of any east-west tilt, in contrast to the westward tilt with
height of the DJF climatological Walker Circulation (Fig. 2.11a). Hence,
the vertical structure of interannual variability is different from the
vertical structure of climatology. At the western end of the cross-
section (Trivandrum), the vertical structure becomes equivalent-
barotropic, consistent with the shape of the dominant EOF mode there.
The Network B cross-section cuts meridionally through three vertical
structure regimes, as defined by the dominant EOF modes. In the sub-
tropics of both hemispheres, the dominant vertical structure is equiv-
alent-barotropic, while near the equator the baroclinic structure is
predominant. The Network B cross-section in Fig. 3.20 shows that the
correlation field tilts from northeast to southwest with height.
Correlations between the 5OI and EOF modes for other seasons are
presented in Figs. 3.21-3.23. In the MAM season (Fig. 3.21), the
baroclinic correlations are weaker over the maritime continent;
otherwise the near-equatorial correlation pattern has about the same
amplitude and phase as in DJF. The subtropical equivalent-barotropic
pattern is substantially reduced compared to DJF, however. The band of
negative correlation over the Northern Hemisphere subtropical East
Pacific is located slightly equatorward of its DJF position, and the
Southern Hemisphere correlations do not appear at all.
In JJA (Fig. 3.22), the western cell of the baroclinic pattern no
longer appears, and the central cell (positively correlated with SOI)
expands to fill the western Pacific. Hence, the correlation between the
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western Pacific and Indian monsoon regions is weakest during the season
when the monsoon is strong. Extratropical correlations with an equiv-
alent-barotropic vertical structure appear prominently during this
season.
Finally, in SON (Fig. 3.23), the baroclinic equatorial pattern has a
two-celled structure rather than the three-celled structure that was so
clear in the DJF correlations. Subtropical correlations are strong
around 200 latitude in both hemispheres.
The largest near-equatorial correlations move north and south with
season, following the band of baroclinic mode predominance. The DJF
baroclinic mode correlations are highest north of the equator, and the
latitudinal position of the center of the cells moves into the Southern
Hemisphere during the JJA season.
Bands of significant subtropical correlation in the Northern Hemi-
sphere exist every season, not just during DJF. It has been conjectured
that the presence of a zero-wind line in the seasonal zonal mean wind
field prevents the meridional propagation of a tropical signal into the
extratropics (e.g. Webster and Holton, 1982) for all seasons except
Northern Hemisphere winter, but the subtropical equivalent-barotropic
correlations in other seasons are significant at locations poleward of
the zero-wind line in the upper troposphere during all seasons.
b. SPATIAL EOFS OVER THE EQUATORIAL INDIAN AND WESTERN PACIFIC OCEANS
The first and second 2dEOF modes for the DJF season are shown in
Fig. 3.24. The gravest mode, explaining 44Z of the total mass-weighted
variance, represents a standing oscillation incorporating anomalies at
200 mb and 150 mb of the same sign at the four westernmost stations,
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with smaller opposing anomalies at Truk and Ma]uro to the east. The same
upper tropospheric anomaly structure is apparent in the DJF 200 mb
correlation map derived by Selkirk (1984), shown in Fig. 3.1b. The
correlation coefficient between the time series of principal components
associated with this mode and the SOI is -0.83. The vertical structure
of the zonal wind anomalies is equivalent-barotropic at Trivandrum, and
baroclinic at the other five stations, with upper tropospheric anomalies
larger than lower tropospheric anomalies. The reversal in sign of the
anomalies at the five easternmost stations takes place at or slightly
above 500 mb.
The second mode, which explains 31Z of the variance, is dominated by
anomalies with an equivalent-barotropic structure at Majuro and Truk,
with smaller upper tropospheric anomalies of the same sign at stations
to the west. The temporal fluctuations of this mode are nearly uncorrel-
ated with the SOI (correlation coefficient 0.17).
The dominant vertical structures of DJF zonal wind anomalies calcu-
lated separately for each station were plotted in Fig. 3.11a. They are
the same as the vertical structure of mode 1 of this analysis at
Trivandrum, Singapore, Kota Kinabalu, and Koror. The equivalent-
barotropic structure, which is the principal vertical mode of DJF inter-
annual zonal wind variability at Ma]uro and Truk, is represented in mode
2. The amplitude of mode 1 is high in the western half of the network,
and low in the eastern half, whereas the amplitude of mode 2 is high
only at the eastern stations. In other words, the variance cannot be
described by a single standing oscillation. Either the zonal wind
anomalies at Truk and Majuro are nearly contemporaneously uncorrelated
with the anomalies to the west and with the SOI, or else the variability
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Figure 3.24 - First two modes of an EOF analysis of DJF seasonal anomalies of seasonal zonal
wind anomalies, for the period 1970-1979, at six near-equatorial stations over the eastern
Indian and western Pacific Oceans.
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is more appropriately described as a propagating oscillation. The latter
conjecture will be verified in Chapter 4, where the temporal evolution
of wind anomalies is discussed.
The first and second modes for all seasons are shown in Fig. 3.25.
The first mode, explaining 43Z of the total variance, represents a
standing oscillation with a node between 500 mb and 300 mb in the ver-
tical direction, and a horizontal node near Kota Kinabalu. The contempo-
raneous (lag 0) correlation coefficient between the principal components
associated with this mode and the SOI is -0.58 (see Table 3.1a).
Therefore, negative SOI (an El Nifio state, with warm equatorial sea
surface temperatures) is associated with zonal wind anomalies directed
in the same sense as the arrows in Fig. 3.25: easterly lower
tropospheric anomalies at Trivandrum and Singapore, westerly upper
tropospheric anomalies at Koror, Truk, and Majuro, and oppositely dire-
cted anomalies in the upper troposphere. The anomaly pattern indicates
low level divergence and upper level convergence near Kota Kinabalu,
consistent with the observation of decreased cloudiness over the
maritime continent concurrent with El Niio events (Kidson, 1975;
Murakami, 1975; Heddinghaus and Krueger, 1981). The opposite anomalies
are implicitly associated with positive SOI.
The second mode represents 19Z of the total variance. The lag 0
correlation coefficient between its principal components and the SOI is
0.43 (Table 3.1a). Hence, the anomalies associated with this mode during
negative SOI seasons are the reverse of the arrows drawn in Fig. 3.25:
easterly lower tropospheric anomalies at Singapore, Kota Kinabalu, and
Koror, westerly lower tropospheric anomalies at Majuro, and westerly
upper tropospheric anomalies from Truk westward.
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TABLE 3.1
(a) Lag correlation coefficients between 50I (see Fig. 3.1 a) and time
series of principal components associated with first two modes (denoted
A ,, A,) of EOF analysis of seasonal zonal wind anomalies at six near-
equatorial stations between 80E and 170 0E, for time lags up to three
seasons.
Lag (seasons; positive + SOI leads)
-3 -2 -1 0 1 2 3
0.20 0.01 -0.28 -0.58 -0.69 -0.57 -0.30
0.22 0.39 0.49 0.43 0.18 -0.01 0.00
(b) Lag correlation coefficients between A, and A, for various seasonal
lags. The correlations are tabulated for the component in each row
lagging the component in each column by the specified lag.
leads by 0
A, A2
1.00 0.00
A, 0.00 1.00
I leads by I
I A A I
0.58 -0.52 I
1 0.31 0.09 I
leads by 2 I leads by 3
A, A I A, A2
0.05 -0.46 I -0.29 -0.32
0.10 -0.10 I -0.09 0.08
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Part (b) of Table 3.1 shows correlation coefficients between
the principal components of the first two modes for lags up to three
seasons. By construction, the correlation between the modes at lag 0 is
identically 0.0. However, the table shows that the modes are highly
correlated with each other at lag, as well as being autocorrelated. The
fact that both of the first two modes are correlated with the SOI, and
with each other at lag, suggests again that the wind variability over
the equatorial Indian Ocean and western Pacific Ocean associated with
the Southern Oscillation is not adequately described by a standing
oscillation.
3.5 Discussion
Interannual wind fluctuations in the tropics do not have the same
dominant vertical structure as the annual mean or annual variability in
many locations. This is evident from the observation that the vertical
structure of interannual fluctuations changes from season to season at
some stations (Majuro and Darwin, for example). The vertical structure
of the Indian summer monsoon provides another example. The annual mean
and annual variability at Trivandrum both have a baroclinic vertical
structure (clearly shown in Figs. 2.3, and 2.11), but interannual
fluctuations about the summer mean have an equivalent-barotropic struc-
ture, however.
The vertical structure and meridional extent of the baroclinic modes
are consistent with latent heat-forced circulations. The mode structures
and vertical correlations presented here indicate that the level of
overturning is between 500 and 300 mb, more closely resembling the
calculated response to a Yanai et al. (1973) heating profile than the
~~LLL-~
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response to an elevated heating profile. In addition, the interannual
SOI correlations show no evidence of a tilt in the longitude-height
plane. Since the interannual variability in latent heating primarily
consists of longitudinal movement along the equator (Heddinghaus and
Krueger, 1981), one would expect any tilt associated with anomalous
forcing to appear in these statistics. The absence of a tilt in the
equatorial cross-section in Fig. 3.19 argues against the elevated
heating profile for the forcing of interannual variability near the
equator.
The geographical extent of zonal wind - 50I correlations changes
dramatically with height. At 850 mb, significant correlations are
limited to the Pacific basin, and are strongest south of the equator.
The surface pressure correlation pattern which defines the Southern
Oscillation is also clearly asymmetric (Walker and Bliss, 1932), and van
Loon (1984) has documented significant sea level pressure anomalies
associated with El Niio as far south as 400. In the upper troposphere,
though, the zonal wind signature of the Southern Oscillation extends
throughout the entire tropical region, and is nearly centered on the
equator. The principal El Nifio - associated anomalies of sea surface
temperature (Rasmusson and Carpenter, 1982; Pan and Oort, 1983) and out-
going IR (Heddinghaus and Krueger, 1981) also occur along the equator.
The documentation of significant zonal wind variance in the tropics
with an equivalent-barotropic vertical structure is a new result. The
cause of such variability is uncertain. We have shown that the
variability associated with the Southern Oscillation near the equator
has a baroclinic vertical structure, yet for a few stations and seasons
(e.g. Ma]uro and Truk in the DJF season), this vertical structure is not
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the dominant mode of variability. Rossby waves propagating equatorward
from the Northern Hemisphere are one possible explanation for
variability with an equivalent-barotropic structure, but the clima-
tological near-equatorial wind field over the western Pacific (Fig.
2.10a) should not allow such propagation. The climatological zonal wind
is easterly at all levels, so that a zero-wind line exists to the north-
east of Truk and Ma]uro during DJF which should prohibit transmission of
equatorward-moving Rossby waves (Held, 1983). Furthermore, the upper
tropospheric meridional winds are southerly, also inhibiting barotropic
wave transmission (Schneider and Watterson, 1984). A zonal wind anomaly
with an equivalent-barotropic vertical structure at the equator near the
date line could be achieved by shifting the entire climatological wind
field eastward, because 8a/a(longitude) < 0 at the date line in DJF at
all levels (see Fig. 2.10a). However, such movement is not character-
istic of anomalies correlated with the Southern Oscillation, which have
opposite signs in the upper and lower troposphere. We will show in the
next chapter that the baroclinic vertical anomaly structure is typical
of El Nino - related anomalies as well.
Chapter 4
TEMPORAL EVOLUTION OF SEASONAL WIND ANOMALIES
OVER THE WESTERN PACIFIC OCEAN
4.1 Intgoduction
As the results of the previous chapter demonstrated (consistent with
earlier studies) the interannual variability of the tropical atmosphere
is dominated by the El Niio - Southern Oscillation (ENSO) signal. In the
past twenty years, ENSO has come to be recognized as an identifiable
event involving a complex set of interactions between the atmosphere and
ocean. Although tremendous observational and theoretical progress has
been made on the ENSO problem, many questions remain. In this chapter,
the evolution of tropospheric wind anomalies during ENSO events will be
examined and interpreted in terms of results from previous studies and
the two preceding chapters.
The oceanic component of ENSO consists of a dramatic increase in sea
surface temperature (SST) along the equator in the eastern half of the
Pacific Ocean, called El Nigo. The warm SST anomaly persists for several
seasons. This phenomenon was first noticed along the South American
coast, where the warm water had extremely detrimental effects on the
fishing industry. Upon further study, it was found that the patch of
anomalously warm water typically appeared first at the South American
coast in February or March, and then propagated westward along the
equator as the magnitude of the anomaly amplified (Rasmusson and
Carpenter, 1982, hereafter referred to as RC). However, several recent
events (in 1963 and 1982) started with a warm patch that appeared first
along the equator in the mid-Pacific (Philander, 1983).
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The ENSO signal extends throughout the tropical atmosphere. B]erknes
(1969) first showed that large positive equatorial SST anomalies in the
mid-Pacific are associated with negative sea level pressure (SLP)
anomalies in the Southeast Pacific and positive SLP anomalies over the
Indonesian region (this set of pressure anomalies was discovered by
Walker (1924), who denoted it the Southern Oscillation). The trade winds
collapse to the west of the SST anomaly during El Niio (Wyrtki, 1975).
The Intertropical Convergence Zone (ITCZ) over the eastern Pacific is
positioned close to the equator, well to the south of its climatological
location (Trenberth, 1976; Pazan and Meyers, 1982). Rainfall over
eastern Australia and the southwestern Pacific is below normal, while
rainfall amounts over the equatorial mid-Pacific are above normal
(Julian and Chervin, 1978; Horel, 1982a). In the upper troposphere, a
distinct pattern of wind anomalies, extending far beyond the region of
anomalously warm SST in the equatorial Pacific, is correlated with the
Southern Oscillation (Arkin, 1982; Selkirk, 1984; see also Chapter 3).
Attempts to simulate the oceanic component of El Niio preceded
modeling of the atmospheric component, but parallel methodologies were
employed. Oceanographic studies were first concerned with the linear
response of the mixed layer of an idealized equatorial basin to pre-
scribed surface wind stress (McCreary, 1976). Later studies have in-
cluded more model physics and/or more realistic winds (e.g. Harrison and
Schopf, 1984; Busalacchi and Cane, 1985). Atmospheric studies focused on
the linear, stationary response of the surface wind field to prescribed,
idealized heating near the equator (Gill, 1980). These simple models
reproduce many of the near-surface features associated with fully
developed El Nigo events.
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More detailed studies of the genesis, evolution, and decay of El
Nigo episodes began with the seminal observational study of RC. After
discussing the similar evolution of SST anomalies along cross-equatorial
ship tracks during six El Niio episodes (1951, 1953, 1957, 1965, 1969,
and 1972), RC devised a superposed epoch analysis of a composite El Nigo
event. The compositing scheme was fixed with respect to the calendar,
reflecting the 'phase-locked" characteristic of El Nino: i.e., the
tendency of El Niio genesis and development to occur at fixed times of
the year. The composite surface wind and convergence fields associated
with each stage were calculated by averaging anomalies for the same
three-month calendar period during each of the six events. This tendency
to be phase-locked generated tremendous interest, because it seemed to
imply that once the commencement of an El Niio was observed, its sub-
sequent evolution (along with the attendant global-scale climate
anomalies) might be predicted months in advance.
Five stages in the evolution of SST anomalies were identified by RC,
beginning with antecedent conditions in the calendar year preceding
ocean surface warming, and ending with a fully developed SST anomaly in
the mid-Pacific a year after the appearance of warm water. The year in
which the warm water appeared (the six years listed above) was denoted
year (0) of the composite event, with the preceding and following years
denoted year (-1) and year (+1), respectively. For example, composites
of the Peak Phase, which RC define to be the period March(0) to May(0),
were calculated by averaging 18 monthly anomalies: March, April, and
May for the years 1951, 1953, 1957, 1965, 1969, and 1972.
The RC compositing scheme has since been widely adopted as a basis
for studying the El Nifio phenomenon. Arkin (1982) composited 200 mb
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tropical wind anomalies in the NMC tropical analysis with respect to the
RC event phases. Horel (1982a) composited 300 mb wind, temperature, and
geopotential height anomalies from a global station network. Zebiak
(1984) used the RC surface wind composites to judge the veracity of the
simulated El Niio events produced by a coupled ocean-atmosphere model.
Several general circulation model studies (e.g. Shukla and Wallace,
1983) have used the RC SST composite as a prescribed boundary condition.
In this chapter we will examine the vertical structure of seasonal
wind anomalies in the Trivandrum-Atuona zonal cross-section during five
El Nigo episodes. In Section 4.2, a compositing methodology similar to
the one developed by RC is applied to the vector winds and equatorial
zonal mass flux over the western Pacific. The anomalies of zonal mass
flux derived this way are compared to the annual mean and annual
variability, which were discussed in Chapter 2.
One intriguing feature of the wind and zonal mass flux composites to
be shown is the presence of an "anti - El Nino' state over the far
western Pacific preceding the appearance of warm SST in the eastern
Pacific. A weak precursive pattern was noted near the dateline in the
surface wind field by RC, and in the 300 mb wind field by Horel (1982a).
The present analysis suggests that a more substantial precursive
anomaly may originate even further west, and subsequently propagate
slowly eastward during the El Ni'o event.
The 2dEOF analysis presented in Section 3.4 also suggested that the
dominant signal of nonperiodic seasonal zonal wind variance over the
Trivandrum-Atuona cross-section is a propagating feature correlated with
the Southern Oscillation. In Section 4.3, a generalized complex EOF
analysis, which can explicitly identify propagating as well as standing
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oscillations, is used to elucidate the relationships across the basin.
There are obvious problems of statistical significance associated
with a composite of only five events. The problem is exacerbated in the
current study because not every station was reporting during some
events. Rather than attempt to apply formal statistical tests to the
composite, the question of significance will be treated in Section 4.4
by presenting the individual seasonal wind fields whose average is the
composite. Similarities and differences between the various El Niio
events are noted. A discussion in Section 4.5 concludes the chapter.
4.2 Spatial structure of composite El NiNo event phases
The compositing scheme used in this section to describe the western
Pacific wind field associated with El Niio events is similar to the
scheme developed by RC. The period of record of our wind data includes
the three most recent El Nino years considered by RC (1965, 1969, and
1972). In addition, we include the 1963 event (which was regarded as
"atypical" by RC because the SST anomalies appeared later in the year
compared with other El Nifos), and the 1976 event, for a total of five
events. Table 4.1 documents the data coverage for the composites.
Trivandrum, Singapore, Koror, and Truk are represented in each event,
and Ma]uro is missing only during the 1969 event. Canton stopped report-
ing in 1967, Kota Kinabalu is represented in the three most recent
events, and Atuona reported only during the 1970s.
The selection of events for inclusion in the composites is a matter
of some controversy. A NOAA committee (SCOR Working Group 55) was
organized in 1982 for the purpose of creating a standard definition of
an El NiSo event. By their definition (a positive SST anomaly of
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TABLE 4.1
Data coverage for the five El Nino events contributing to the composite
anomalies shown in Figs. 4.1 and 4.2. An asterisk is entered when
observations for all seasons from SON(-1) to DJF(+1) were taken at the
station during an event. The table entry is blank when no observations
were taken during the event. The footnotes explain cases where most but
not all seasons are represented in the composite.
Abbreviation
TRV
SIN
KIN
KOR
TRK
MAJ
CAN
ATU
Station name
Trivandrum
Singapore
Kota Kinabalu
Koror
Truk
Ma]uro
Canton
Atuona
1963 1965 1969 1972 1976
a * * * b
* * c
* * * * *
* * * * *
* *
* *
* *
a *
Footnotes: a) all seasons except SON(-1) and DJF(O)
b) all seasons except JJA(O)
c) all seasons except MAM(O)
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magnitude one standard deviation persisting for four months simul-
taneously at three South American stations) the 1969 El Niio does not
qualify as an "event', but the 1963 El NiFo excluded by RC does qualify.
Hotel (1982a) included both 1963 and 1969 in his composites, as will the
present study.
Composite fields are calculated for the four seasons of the El Nino
years (denoted DJF(0), MAM(0), JJA(0), and SON(0)), for the SON season
preceding each El Ni-o year, SON(-1), and for the DJF season following
each El Niio year, DJF(+l). The seasonal composites presented here
correspond closely to the RC compositing periods in the following way:
SON(-1) with Antecedent Phase; DJF(0) with Onset Phase; MAM(0) with Peak
Phase; SON(O) with Transition Phase; and DJF(+1) with Mature Phase. The
seasonal sequence of composite vector wind anomalies for the near-equa-
torial stations in the Trivandrum-Atuona cross-section is shown in Fig.
4.1. The prominent features in the composites for each season are dis-
cussed in turn.
(a) SON(-1). A clear, coherent pattern of anomalies appears in the
Antecedent composite. At 850 mb, westerly anomalies with magnitude about
2 m/s are observed at Trivandrum and Singapore, and easterly anomalies
of similar magnitude occur to the east, between 120 0E and 150W. These
are strong anomalies, since the standard deviation of zonal wind
anomalies at these stations is between 1 and 2 m/s (Fig. 3.1). The
anomalies reverse in the upper troposphere: easterly anomalies occur
above 500 mb at Trivandrum and Singapore, and westerly anomalies occur
above 700 mb at Ma]uro, Canton, and Atuona. The strongest upper level
wind anomalies are found at Majuro and Canton (near the date line),
where westerly anomalies exceed 5 m/s. These anomalies are also well in
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Figure 4.1 - Vector wind anomalies across the Trivandrum-Atuona
cross-section for the composite El Nino event,
based on events in 1963, 1965, 1969, 1972, and 1976.
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excess of 1 standard deviation, which is 3 m/s at Ma]uro and Canton. The
RC surface wind anomaly composite for this period contains a small, weak
patch of easterlies located near the date line along the equator. The
850 mb anomalies near the date line are about twice the magnitude of the
RC surface anomalies, consistent with the ratio of (850 mb)/(surface)
zonal wind variability found by Harrison and Gutzler (1985).
(b) DJF(0). The composite shows no coherent, large-scale circulation
patterns. The largest anomalies in the composite occur at Kota Kin-
abalu, Canton, and Atuona, which are the stations that are represented
the fewest times in the composite (Table 4.1). The significance of these
anomalies will be discussed further in Section 4.4. During this phase in
the RC composites, sea surface temperatures along the Peru - Ecuador
coast are near normal but rising rapidly. A second warm SST anomaly is
located along the equator at the dateline, overlain by westerly surface
wind anomalies with a magnitude of about 1 m/s. Precipitation is above
normal near the equator west of the dateline, and below normal east of
the dateline. 300 mb geopotential height is below normal throughout the
tropics, with the largest anomalies over the western Pacific and India.
(c) MAM(0). Significant westerly anomalies, approximately 2 m/s in
strength, occur throughout the lower troposphere between 120 0E and the
date line. The upper tropospheric anomaly field between 300 and 150 mb
has changed dramatically from its state in SON(-1): over the equatorial
Indian Ocean, the anomalies have shifted from easterly to westerly (with
maximum strength greater than 2 m/s at Trivandrum), and between 1500E
and 1800 the anomalies have collapsed. The RC composite SST anomaly is
now greatest along the Peru coast, with a magnitude of nearly 20C. A
warm SST anomaly of about 0.50C extends westward along the equator to
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160 E. The equatorial surface wind anomalies also have a westerly com-
ponent between 160 0E and 160W, and between 140°W and 110°W.
(d) JJA(0). The lower tropospheric westerly anomalies have moved
eastward relative to their position during MAM(0), and strengthened to 3
m/s between 130 0E and 160°E. Anomalous lower tropospheric westerlies now
extend eastward at least as far as Atuona. At 200 mb and above, easterly
anomalies exceeding 4 m/s are present near the dateline. To the west of
1000E, lower tropospheric easterly anomalies exceeding 1 m/s are
observed.
(e) SON(0O). This season, corresponding to the Transition phase of
RC, contains the largest anomalies of the sequence. 850 mb westerly
anomalies exceed 3 m/s near the date line, an eastward shift from their
position during JJA(0). At 200 mb, easterly anomalies greater than 6 m/s
exist eastward of 1700E. The RC composites for this season show a posi-
tive SST anomaly exceeding 10C extending along the equator from 170W to
the South American coast, and westerly surface wind anomalies near the
equator between 1400E and 170W. A clear anomaly signature is apparent
in the present analysis far to the west, where lower tropospheric
easterly anomalies exceeding 2 m/s occur between 900E and 1200E. Upper
level westerly anomalies with magnitude 3 m/s are present from 800E to
1200E. The entire circulation pattern is nearly the reverse of the SON
(-1) anomaly composite.
(f) DJF(+1). Easterly anomalies at 850 mb now extend eastward to
1500E; westerly anomalies are confined to Canton and Atuona. The same
longitudinal distribution of surface wind anomalies along the equator
was found by RC for this season. The easterly upper tropospheric
anomalies to the east of 150 0E have weakened to less than 5 m/s, and
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southerly meridional anomalies of the same magnitude are observed at
Ma]uro, Canton, and Atuona. The 50I reaches its most negative value
during this phase of the event, so the meridional anomalies at 200 mb
over the central Pacific are consistent with the negative SOI - 200 mb
meridional wind correlations found by Selkirk (1984) at these locations
for the DJF season (Fig. 3.1c).
The anomalous zonal mass flux, calculated from 12.23 by
substituting the seasonal zonal wind anomalies u' from the composites in
place of the climatological wind u, provides a concise depiction of the
large-scale circulation anomalies in the zonal plane associated with
each phase. The seasonal mean zonal mass fluxes for the same cross-
section were shown in Fig. 2.11. The position, tilt, and intensity of
the climatological Walker Circulation was found to change with season.
In all seasons, however, the Walker Circulation includes westward trans-
port of mass in the lower troposphere, i.e. Mz > 0 and 8Mz/8z > 0 in the
lower troposphere. Hence, closed isopleths of Mz > 0 (solid lines)
derived from anomalous winds represent a circulation which strengthens
the climatological Walker Circulation, and closed isopleths of Mz < 0
(dashed lines) represent anomalies opposing climatology.
Plots of the anomalous zonal mass flux derived from the zonal com-
ponent of the composite El Nino wind anomalies are shown in Fig. 4.2.
The anomalous circulations are weak compared with the seasonal means,
but there is clear evidence of an anomalous circulation directed counter
to the climatological Walker Circulation, which propagates from a posi-
tion over the eastern Indian Ocean in SON(-1) eastward into the mid-
Pacific during the evolution of the event. The circulation undergoes a
longitudinal shift of approximately 250 per season. It is plainly
;_ -------
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evident in the SON(-1) composite, a full season before a warm SST
anomaly appears in the eastern Pacific.
The composites presented here show that a coherent, highly signi-
ficant pattern of zonal wind anomalies, extending vertically throughout
the troposphere, evolves along the equator over the eastern Indian and
western Pacific Oceans in conjunction with El NiRo events. The Pacific
surface wind composites of RC, and the 200 mb wind composites of Arkin
(1982), contain features qualitatively consistent with the major fea-
tures of the present composites at stations in the eastern half of the
Trivandrum-Atuona cross-section. However, the anomalies shown here are
much larger in magnitude and statistical significance, and contain ver-
tical structure information. The increased anomaly strength can be
attributed to the use of station data here rather than the highly smoo-
thed analysis product used by RC and Arkin, because the western and
central Pacific is a data-sparse region. The composites in Figs. 4.1 and
4.2 demonstrate that the circulation anomalies associated with El Niio
extend far to the west of the Pacific basin into the Indian Ocean.
4.3 Complex EOF analysis of zonal wind anomalies
In Chapter 3, the interannual variability of the tropical wind field
was studied using IdEOF and 2dEOF analyses to isolate the dominant modes
of variability. The EOF procedure statistically separates individual
orthogonal patterns with a variance-maximizing algorithm. The El Niio
composites presented in the previous section are based on a different
technique for defining the dominant modes of variability, namely aver-
aging several fields with respect to a known, well-defined signal (in
this case, sea surface temperature in the eastern Pacific Ocean).
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Comparable results were obtained from the two different approaches.
Time series of the principal components associated with the baroclinic
IdEOF mode of zonal wind at stations within 120 of the equator were
highly correlated with the Southern Oscillation (Figs. 3.17, 3.21-23).
Conversely, the composite El NiRo anomalies over the western Pacific
have a baroclinic vertical structure.
However, the propagating feature in the series of El Niio composites
cannot be correctly described by the 2dEOF method applied to interannual
variability in Section 3.4, which decomposes the wind variance in terms
of standing oscillations only. A propagating disturbance would be parti-
tioned by the 2dEOF algorithm into separate orthogonal modes of similar
structure, but phase-shifted. The two gravest modes of the 2dEOF were in
fact found to have similar spatial patterns that were phase-shifted
(Fig. 3.25), and the associated time series of principal components were
correlated at lags of one and two seasons (Table 3.1).
A generalization of the EOF analysis technique that can resolve both
standing and propagating disturbances was introduced by Barnett (1983)
and reviewed by Horel (1984). This procedure, referred to as complex
empirical orthogonal function (or CEOF) analysis, is documented in
Section 4 of Appendix B. It differs from the scalar 2dEOF procedure in
that the eigenvectors are derived from the covariance matrix associated
with complex time series U(t) = u(t) + iO(t), where u is the zonal wind
component for a particular station and pressure level, and 0(t) is the
Hilbert transform of u(t). The Hilbert transform preserves phase infor-
mation, so that the CEOF eigenvectors describing the spatial variability
are complex, with variable phase and amplitude (rather than the variable
142
sign and amplitude of scalar EOFs). Eigenvectors are calculated for the
mass-weighted complex covariance matrix
Crism = UrlOsm 14 m
where complex quantites are shown in boldface, the overbar represents a
time average, subscripts r and s represent stations, subscripts 1 and m
represent pressure levels, and A is a mass-weighting factor (see
Appendix B). The gravest CEOF Erl explains the most variance of any
single spatial mode. Associated with each CEOF is a time series of
complex principal components (or CPCs). The CPCs Pk(t) are calculated
from the formula
pk(t) = E UrlEk A1  (4.1]
rl 1
The (complex) time series of observations Url(t) can then be represented
as the linear sum of contributions from the entire set of CPCs from
Url(t) = E Ek* pk(t) 4.2]
k ri
where the asterisk denotes the complex conjugate. The actual wind
anomaly url(t) is simply the real part of Url(t), and the wind anomaly
associated with a single mode is the product of that mode alone with its
CPC, without taking the sum over k in [4.2].
The CEOF procedure is applied here to the zonal wind field for the
same set of six near-equatorial stations (Trivandrum, Singapore, Kota
Kinabalu, Koror, Truk, and Majuro), for the same period of record (1970-
1979), as for the scalar 2dEOF analysis in Section 3.4b. In three of the
forty seasons during this decade, one station was missing data, in which
case the anomalies were linearly interpolated from the preceding and
succeeding seasonal anomalies at the same station and pressure level.
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The structure of the gravest mode E' of this analysis is shown in
Fig. 4.3. The element of the CEOF mode at each station and pressure
level is plotted as an arrow, which depicts the amplitude and phase of
each element relative to all the other elements. A CEOF mode represent-
ing a standing oscillation would contain arrows which are all parallel
to each other (i.e. all elements fluctuating exactly in or out of
phase). This structure is close to the vertical structure observed in
mode 1. At each station, the element at 850 mb is directed nearly
opposite the element at 150 mb. However, the horizontal structure is
characteristic of a propagating oscillation: the elements at a par-
ticular level rotate clockwise moving eastward. This mode explains 52Z
of the total variance, a 9Z increase from the gravest 2dEOF mode shown
in Fig. 3.25.
The direction of propagation is determined by the time series of
CPCs P'(t), shown in the lower half of Fig. 4.3. The amplitude of the
zonal wind anomaly field associated with mode 1 for a particular season
is proportional to the amplitude of the CPC for that season. A distinc-
tive signal is observed in the time series of CPCs prior to and during
the El Nino events of 1972 and 1976. One season before the appearance of
warm water in the eastern Pacific, during the SON seasons of 1971 and
1975, the amplitude of the CPC increases, with a negative real part and
positive imaginary part (i.e. the CPC vector points to ten o'clock). The
CPCs subsequently rotate clockwise with time through the following
seasons.
The projection of the CEOF mode onto the zonal wind anomaly field is
the real part of the inner product of the CEOF mode and its CPC. The
"ten o'clock" phase of the CPC represents upper tropospheric zonal wind
CEOF SEASONAL U 1970-1979
MODE 1
SIN
K
KIN
(527.
4--
KOR TRK
70 71 72 73 74 7S 76 77 78 79
, , , , , , I . . , I , , , I ,I , I , , , I , I , , , I , , , I a ,
CPC TIME SERIES [SEASONAL)
Figure 4.3 - Top: Structure of the gravest mode of a complex EOF analysis of seasonal anomalies
of zonal wind (for the period 1970-1979) for six near-equatorial stations over
the eastern Indian and western Pacific Oceans.
Bottom: Time series of complex principal components associated with the gravest mode.
150-
300 -
500 -
ao -
050- r-
TRV MAJ
145
anomalies which are negative at Trivandrum, negligible at Koror, and
positive at Truk and Majuro. These are the same features shown on the
SON(-1) composite in Fig. 4.1. The combination of clockwise rotation of
the CEOF elements moving eastward from Trivandrum to Ma]uro, along with
clockwise rotation of the CPCs with time, imply that the anomaly field
associated with mode 1 propagates eastward with time during El Niio
events, a feature which is also consistent with the El NiFo composites
in Figs. 4.1 and 4.2.
As examples of the relationship between the CEOF mode structure, the
CPC vector, and the wind anomaly field, the reconstructed wind fields
(calculated from (4.23 considering only mode 1) are compared to the
observed anomalies for seasons SON(1975), DJF(1976), and JJA(1976) in
Figs. 4.4 through 4.6. These seasons are shown as representative ex-
amples of the near-complete description of the zonal wind anomaly field
provided by the single CEOF mode during El Niio events. Although the
gravest mode explains 52Z of the total non-periodic seasonal wind
variance for the entire 1970-1979 decade, during the El Nino periods of
SON(1971)-DJF(1973) and SON(1975)-DJF(1977) the gravest mode explains
732 of the variance.
The CEOF mode 1 reconstruction for SON(1975) (Fig. 4.4) contains
easterly anomalies at 200 mb and 150 mb of approximately 4 m/s at
Trivandrum and Singapore, westerly anomalies of 6-7 m/s at Truk and
Majuro, and smaller anomalies of opposite sign at 700 mb and 850 mb at
each station. The pattern of the mode 1 reconstruction agrees closely
with the observed anomalies: the spatial correlation between the mode 1
estimated anomalies and the observed anomalies for this season is 0.94.
The only notable discrepancies between the reconstruction and the
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Figure 4.4 - Top: Reconstructed zonal wind anomaly
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observations are the underestimates of the amplitude of the observed
anomalies in the lower troposphere at Trivandrum and in the upper
troposphere at Truk and Majuro.
During the Onset Phase in the following season, DJF(1976), the
reconstructed field contains anomalies of greatly reduced amplitude at
Truk and Ma]uro, and anomalies at Koror which are reversed in sign
relative to the SON 1975 reconstruction (Fig. 4.5). The agreement with
observations is particularly close in the lower troposphere, where the
reconstruction successfully shows that the easterly anomalies which were
present at the three western stations in SON 1975 have switched
direction to westerly. The reconstruction fails to simulate the
equivalent-barotropic vertical structure of anomalies at these stations,
and incorrectly shows upper tropospheric easterly anomalies at
Trivandrum, where the actual anomalies are near zero.
Two seasons later, the JJA(1976) anomalies (Fig. 4.6) are nearly the
opposite of the Antecedent conditions. The eastward propagation of the
anomaly field is indicated by the shift of the band of lower
tropospheric westerly anomalies from Singapore, Kota Kinabalu, and Koror
in DJF to Koror, Truk, and Majuro in JJA. The principal error in the
reconstructed field is the longitudinal position of the node between
opposing anomalies, which is located near Kota Kinabalu in the recon-
struction but located farther east, between Kota Kinabalu and Koror, in
the observations.
The rate of rotation of the CPC during these events is close to r/4
per season, so that the "period" of the oscillation is approximately two
years. The amplitude of the CPC remains large through a complete cycle
in 1972-73, but dies out after the JJA season in 1976, so that it would
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be misleading to denote this fluctuation as a "quasi-biennial oscilla-
tion'. Since Trivandrum and Majuro are separated by about 900 of
longitude, the anomaly pattern projects onto zonal wavenumber 2 and the
phase speed of the anomaly is approximately 0.3 m/s, or 25 km/day.
Time series of the real and imaginary parts of the CPC of mode 1 are
shown in Fig. 4.7, with the sign of the imaginary part reversed. Plotted
in this format, the rotation with time of the CPC vector is apparent as
a time lag between the real and imaginary parts, with the imaginary part
leading. Seasonal lag correlation coefficients between the real and
imaginary parts of the gravest mode of the CEOF analysis and the SOI are
documented in Table 4.2. Both the real and imaginary parts are highly
correlated with the SOL, with the real part lagging and the imaginary
part leading the SOI. The set of correlation coefficients in Table 4.2
are statistically indistinguishable from the SOI correlations associated
with the first two scalar 2dEOFs presented in Table 3.1. The correlation
between the principal component associated with scalar 2dEOF mode 1, and
the real part of the CPC associated with CEOF mode 1, is 0.95. The
correlation between scalar 2dEOF mode 2 and the imaginary part of CEOF
mode 1 is 0.70. The first mode of the CEOF analysis, an eastward-
propagating mode, effectively represents the first two modes, both
standing oscillations, of the scalar 2dEOF analysis. Hence, seasonal
zonal wind variability over the western Pacific is most properly treated
as a propagating oscillation.
Two points are worth emphasizing. First, the beginning of the
sequence of anomalies during the El Niio period occurs 4-6 months before
the appearance of warm surface waters to the east. Second, the direction
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TABLE 4.2
Lag correlation coefficients between SOI (see Fig. 3.1 a), and time
series of the real and imaginary parts of the complex principal com-
ponents associated with the first mode of the CEOF analysis of seasonal
zonal wind anomalies at six near-equatorial stations between 800E and
1700 E, for time lags up to three seasons (compare with Table 3.1a).
Lag (seasons; positive + SOI leads)
-3 -2 -1 0 1 2 3
Real part 0.35 0.17 -0.12 -0.47 -0.65 -0.56 -0.38
Imaginary part 0.34 0.52 0.62 0.49 0.16 -0.18 -0.33
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of rotation of the CPC is always clockwise, implying eastward propaga-
tion of anomalies. No "back-and-forth' movement of anomalies is evident.
To test the dependence of these results on the use of seasonal
anomalies, the CEOF analysis was repeated for the same set of stations
using monthly anomalies of zonal wind rather than seasonal anomalies.
The gravest mode of the monthly CEOF analysis, and the corresponding
time series of CPCs, are shown in Fig. 4.8. The spatial pattern asso-
ciated with the gravest mode is indistinguishable from the gravest mode
based on seasonal anomalies, but the mode explains a smaller fraction of
the total variance (38Z) in the monthly time series. The CPCs display
the same direction of rotation, and generally the same rotation rate, as
in the seasonal analysis. The monthly time series is considerably
noisier, however. Since considerable variance in the zonal wind field
over the western Pacific is associated with a 40-50 day oscillation
(Madden and Julian, 1971) which would be severely aliased in monthly
mean data, it is not surprising that fluctuations in the monthly mean
data show considerably less temporal continuity than the corresponding
seasonal means. The analysis using the monthly means serves to demon-
strate that the spatial structure and eastward propagation of the
gravest mode of the seasonal mean CEOF analysis are not artifacts of
seasonal averaging.
The data record for the decade of the 1960's, preceding the period
used for the CEOF analysis, contained too many missing records to
independently reproduce the analysis. However, it was possible to
project the gravest spatial mode derived from the later period of time
onto the wind anomalies for the earlier period, thus extending the time
series of CPCs backward in time. First, the CEOF analysis based on the
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1970's data was repeated six times, deliberately removing a different
station in turn from the network. These results (not shown) demonstrated
that the shape of mode 1 was not sensitive to removal of any single
station.
The extended CPC time series was then calculated by taking the inner
product of U and E' as in 14.11, but summing only over those stations
reporting at each time t, and normalizing the partial sum to compensate
for the missing stations, i.e.
rl rl 1 1 1
r E rl A1
where here the sum over r is a partial sum, excluding any stations which
are missing.
The extended CPC time series is shown in Fig. 4.9. The number of
stations included in each season's CPC is indicated by the rows of
numbers in the center of the plot; data for at least four stations are
present in each season. It is immediately apparent that the amplitude of
the CPCs (and therefore the amplitude of the associated zonal wind
anomalies) is lower in the decade of the 1960's (as was the amplitude of
the SOI - see Fig. 3.1a).
Still, there is some indication of the correspondence between this
CEOF mode and El Ni"o events in the 1960's. Although the amplitude of
the CPC early in the 1963 event (SON 1962 through JJA 1963) is small,
the phase of the CPC is generally consistent with the corresponding
seasons of the 1972 and 1976 events. Between JJA(1963) and DJF(1964),
the amplitude of the CPC increases and its clockwise rotation is more
regular.
EXTENDED CPC TIME SERIES
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Figure 4.9 - Time series of complex principal components derived by projecting the complex EOF mode
shown in Fig. 4.3 onto the observed anomaly field of available stations for the period
1961-1979. The number of stations available (out of a total of six) for each season's
principal component is indicated along the abscissa.
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The 1965 event is not clearly associated with coherent rotation of
the CPC vectors, but the CPC vector for SON 1964 (immediately preceding
the event) has nearly the same amplitude and phase as the vectors for
SON(1971) and SON(1975), and the vectors during the Mature Phase (JJA
and SON 1965) are also roughly consistent with the corresponding vectors
for 1972 and 1976.
The 1969 period bears no resemblence whatsoever to other El Nifio
events in the CPC time series. Also, a period of clockwise rotation of
the CPC vectors takes place during 1967, which does not correspond to an
El Niho event.
In summary, the CEOF analysis has described a spatial pattern of
near-equatorial tropospheric zonal wind anomalies which is closely
associated with El Nifio. The wind anomalies included in this pattern
extend far to the west of the Pacific basin, at least as far as the
southern tip of India. The vertical structure of these anomalies is the
baroclinic structure described in Chapter 3. In 1962, 1964, 1971, and
1975, one particular phase of this pattern clearly preceded the
appearance of warm water in the eastern Pacific, which up to now has
defined the onset of an El Niio event. The anomaly pattern propagates
eastward into the mid-Pacific with a period of two years; however, the
anomalies typically do not remain large for an entire two-year cycle.
An attempt to reproduce the temporal characteristics of this mode
for the decade of the 1960's proved inconclusive. Therefore, in the next
section we examine in detail the similarities and differences between
the evolution of wind anomalies during each of the individual El Niio
events.
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4.4 Comparison of individual El Nigo events
The previous two sections documented the temporal evolution of wind
anomalies over the equatorial eastern Indian and western Pacific Oceans
associated with El Niio episodes. The composite wind anomalies presented
in Section 4.2 showed a clear signal in the zonal wind component with a
baroclinic vertical structure. The zonal mass flux composites indicated
that an anomalous circulation cell, directed counter to the
climatological Walker circulation, propagates eastward during the course
of the event. The complex EOF analysis presented in Section 4.3 verified
that an eastward-propagating signal with a baroclinic vertical structure
was the dominant statistical mode of zonal wind variability during the
1970's over the equatorial region between 800E and 1400W, and that the
temporal fluctuations of this mode were highly correlated with the SOI.
However, the results of the extended CPC analysis (applied to data
from the period 1961-1969) were not so clear-cut. Hints of systematic
eastward propagation of anomalies were seen in the CPC time series
during the 1960's, but the extended time series did not provide clear
confirmation that the temporal evolution and spatial structure of wind
anomalies during El NiFo events derived from the later period of data
were reproducible in independent data. Hence, closer inspection of the
similarities and differences between individual El Nifio events is called
for.
In this section, seasonal wind anomaly fields and zonal mass flux
anomalies are presented for individual events, i.e. the individual
seasonal anomalies that were averaged together in Section 4.2 to form
the composite event fields. Our aim is to see how closely the anomaly
fields for each event resemble the composites; or, put another way, to
159
check the degree to which the composite anomalies reflect the structure
of actual anomalies during individual events.
Fig. 4.10 contains plots of the anomalous vector wind for the five
seasons contributing to the SON(-1) (Antecedent Phase) composite. The
CEOF mode 1 CPC vector (pl) is plotted next to the wind field for each
season. Fig. 4.11 contains corresponding plots of the anomalous zonal
mass flux for these five SON seasons. Four of the five fields (all
except SON 1968) show features broadly resembling the SON (-1) composite
(Figs. 4.1 and 4.2). These four anomaly fields each contain a pair of
opposing circulation cells, with lower tropospheric convergence and
upper tropospheric divergence over the far western Pacific. The center
of convergence is located near 120 0E in 1964, 1971, and 1975, and near
1500E in 1962. Accordingly, the CPC vector for SON(1962) is rotated
clockwise about 900 compared to 1964, 1971, and 1975. Strong westerly
upper tropospheric anomalies occur over the central Pacific in each of
these four seasons. Despite the evident similarity of these four anomaly
fields, the differences between them, coupled with the presence of one
season with a very different pattern (SON 1968), are sufficient to
reduce the amplitude of the SON(-1) composite anomalies of wind and
zonal mass flux considerably compared to any of the individual anomaly
fields.
The anomalies associated with the following season, DJF(0) (Figs.
4.12 and 4.13), display much less consistency from event to event. The
upper tropospheric anomalies at Truk and Majuro are easterly in 1963 and'
1965, but westerly during subsequent events; the anomalies at Atuona in
1972 are opposite those in 1976; lower tropospheric zonal anomalies and
upper tropospheric meridional anomalies at Canton in 1963 are directed
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opposite those in 1965, 1969, and 1976. The composite DJF(O) anomalies
in Figs. 4.1 and 4.2 are therefore a small residual of a set of widely-
varying fields.
In MAM(0), the consistency between events improves once again (Figs.
4.14 and 4.15), although large differences between events are still
observed. The anomaly patterns for 1972 and 1976 are large in amplitude
and quite similar, and they determine the appearance of the composite.
The small composite anomalies at Canton are the residual of two opposite
anomaly fields in 1963 and 1965, and the individual seasonal anomalies
at Majuro differ considerably from event to event. The 1965 easterly
anomalies in the upper tropospheric at Trivandrum have the opposite sign
of the anomalies for other events. Hence, the composite MAM(O) anomalies
represent a very considerable underestimate of the amplitude of any
particular seasonal anomaly.
Four of the five anomaly fields for JJA(0) (all events except 1969)
contain the negative circulation cell observed in the composite over the
western Pacific (Fig. 4.17). However, rather than the broad, weak Mz
cell shown in the composite (Fig. 4.2), the individual anomalous Mz
cells are stronger and narrower. In 1963 and 1965, the cell is centered
at Koror (CPC vector pointing to "two-o'clock'), while in 1972 and 1976
the cell is centered farther east at Truk (CPC vector pointing to
"three-o'clock'). The composite represents a broad dilution of the
individual patterns.
The negative circulation cell moves eastward in all four events -
again excluding 1969 - in the SON(O) season (Figs. 4.18 and 4.19),
although it is quite weak in 1976. A positive circulation cell (i.e.
easterly anomalies in the lower troposphere and westerly anomalies in
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the upper troposphere, as in the climatological Walker Circulation)
appears to the west over the equatorial eastern Indian Ocean in 1963,
1965, and 1972. These features are represented clearly on the composite.
The DJF(+1) anomaly fields are shown in Fig. 4.20 and 4.21. Cons-
istent features are overshadowed by the differences between the fields.
A positive circulation cell, with upper tropospheric easterly anomalies
and lower tropospheric westerly anomalies, is present between 900E and
1500E in all years except 1977. However, the magnitude and position of
the anomalies differ considerably from event to event. Over the eastern
half of the cross-section, upper tropospheric easterly anomalies occur
during all years except 1966.
The discrepancies documented here between individual events and the
El Niio composites have extremely important implications for the study
of El Niio. If the composites for other fields presented by RC, Arkin
(1982), and Horel (1982a) mask as much inter-event variability as the
wind composites shown here, then such composites must be used with
extreme caution as model/theory verification. Even in cases where the
composites represent the sign or phase of the individual anomaly
patterns faithfully, the present results demonstrate that the anomaly
amplitudes are generally severe underestimates of the anomaly amplitudes
for a particular event. For example, the composites are of no value in
determining the magnitude of forcing required for a "realistic" response
in a linear model.
Anomalies during the DJF season in particular are poorly represented
by the compositing technique. The DJF(0) and DJF(+1) seasons display
much more inter-event variability than the other seasons. The DJF(+1)
season has been the focus of a tremendous amount of study regarding
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tropical - extratropical interactions, and the lack of a single char-
acteristic tropical circulation pattern during this El Nigo phase has
profound implications for these studies. Horel and Wallace (1981)
presented evidence that El Nifio events are associated with enhanced
ridging during DJF(+1) over the west coast of North America. Critics
were quick to note that the correspondence is far from perfect; as an
example, it was pointed out that such ridging did not occur during the
1972 event, and in fact the winter of 1973 was characterized by
planetary wave amplitudes smaller than normal (Wallace and Gutzler,
1981). However, Figs. 4.20 and 4.21 show clearly that the mid-Pacific
anomaly pattern of DJF 1977 was quite different than the pattern of DJF
1973 even near the equator.
4.5 Discussion
This study is not the first to present evidence for atmospheric pre-
cursors of El Nifio. Quinn and Burt (1972) pointed out that the SOI tends
to be greater than zero (an anti-El Niio condition) the year before El
Niio commences, which can be verified by inspection of Fig. 3.1a. Wyrtki
(1975) showed that the trade winds over the central and eastern Pacific
Ocean are typically stronger than normal prior to the SST warming along
the coast. Newell et al. (1982) correlated surface wind and SST through-
out the Pacific with the 50I, and found that anomalies of SST in the
northwest subtropical Pacific led the SOI by two seasons. Horel (1982a)
showed that composite geopotential heights and temperatures throughout
the tropics are below normal for several seasons prior to the onset of
El Niio. Luther et al. (1983) suggested that a break in the trade winds
over the equatorial central Pacific, with a time scale of a few weeks,
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occurred several months before the initiation of each El Niio since 1950
except the 1963 event. These precursive anomalies were each presented as
possible *triggering" mechanisms. That is, the precursor was considered
to be a separate phenomenon which somehow touched off a remote event,
the El Nino. The SON(-1) precursive anomaly documented in this chapter
is different in that it persists to become an integral part of the
event.
Two recent studies have documented El Nino - related anomalies over
the western Pacific which are probably be related to the circulation
anomalies described here. Barnett (1983, 1984a) carried out a CEOF
analysis of tropical surface winds over the Indian and Pacific Oceans.
The gravest mode of his analysis propagated eastward and had a
longitudinal structure similar to the 850 mb anomalies associated with
CEOF mode 1 in our analysis. The phase speed of the pattern described by
Barnett was considerably slower (period 3.3 years) than our results, so
that the evolution of wind anomalies is completely different in his
analysis. The phase propagation of the pattern derived by Barnett was
nearly constant in time, so the different period in his analysis may
reflect the average time interval between El Nino events rather than the
phase speed of an anomaly during an event. The mode described by our
analysis explains little variance between events, and the observation
that its period is an integral number of years reflects the tendency for
phase-locking during El Niio events, not the interval between events.
Nicholls (1984) composited SST anomalies off the northern coast of
Australia (over the region 5-1505, 120-1600E) for four El Ni-io periods
and found a precursive positive anomaly of magnitude 0.30C during the
SON(-1) season. Although this is a small (but marginally significant)
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anomaly, the presence of abnormally warm water in this longitude band is
consistent with the location of anomalous low-level convergence in the
SON(-1) wind anomaly pattern shown here (Figs. 4.1 and 4.11).
The presence of anomalous tropospheric circulation over the western
Pacific preceding the appearance of warm SST anomalies in the eastern
Pacific immediately suggests the possibility of predicting El Niiio at
least one season in advance. The precursive SON(-1) anomaly pattern
shown in Figs. 4.10 and 4.11 is clearly apparent even before the 1963
event, when the evolution of SST anomalies differed markedly from the
other events.
However, the precursive SON(-1) pattern was observed during two
seasons which were not followed by El Niio events, so that the CEOF mode
1 pattern by itself is not a sufficient predictor (or cause) of El
Niio. Fig. 4.22 shows the anomalous vector wind field over the
Trivandrum-Atuona cross-section for the SON(1970) and SON(1973) seasons.
In both of these seasons, lower tropospheric easterly anomalies of about
4 m/s and upper tropospheric westerly anomalies of 7-8 m/s are observed
between 1300E and 1700 E, and a weak counter-circulation exists over the
eastern Indian Ocean. In both cases, the anomaly pattern propagated
eastward during the subsequent DJF and MAM seasons, shown by the
clockwise progression of CPC vectors in Fig. 4.3. No El Niio occurred in
1971 or 1974, however, and the magnitude of the CEOF mode 1 anomaly fell
almost to zero in JJA(1970) and JJA(1974).
Several other potential SON(-1) wind indices were examined with an
eye toward their predictive value for subsequent occurrence of El Niio.
These indices included winds at 200 mb, winds at 850 mb, and the prin-
cipal components of the vertical EOFs presented in Chapter 3, at
177
UV SON 1970
ANOMALOUS
TRY SIN KIMN KR TUK RAJ
1.N
fe * -4----.
it 4- - -
* 4+ 4- -*
4.
I I I
10 150
LO I TUDE
UV SON 1973
ANOMALOUS U
TRY SIN KIN KeR TrIK AJ
4- w
4 .
2-,, -- - ---
5 a -.
,A A- _4- 4-
4---
120 150
LW I TUDE
180
Figure 4.22 Vector wind anomalies across
Atuona cross-section for the
SON(1973) seasons.
the Trivandrum-
SON(1970) and
5 M/S
ATU
700
800
I50
200
300
700
850
60 10 -0SO -It0
100
5 M/S
ATU
00
60
150
200
300
700
350
-150 -120
400
400
S
I
-* d
178
Trivandrum, Singapore, and Truk. No criterion based solely on near-
equatorial western Pacific circulation indices could be found which was
both necessary and sufficient to predict El Nino.
However, this does not mean that atmospheric conditions over the
equatorial eastern Indian and western Pacific Oceans are not crucial to
the onset of El Niio. No necessary and sufficient precursors of any
sort are known. Rather, it is likely that a complicated combination of
oceanic and atmospheric conditions is necessary for an El Ni-o event to
occur. This work has shown that a clear sequence of atmospheric
anomalies extending through the entire troposphere evolves prior to and
during the occurrence of the spectacular oceanic anomalies to the east.
Because the atmospheric anomalies appear far to the west of, and prior
to, the significant eastern Pacific SST anomalies, it is clear that the
atmospheric anomalies documented here are not forced by El Nifio.
It may be that the eastward-propagating anomaly described here is
initially an independent phenomenon from the warming of eastern Pacific
SST, and that both of these phenomena must occur and subsequently inter-
act in ordei for a full-blown El Niio event to occur. This scenario is
consistent with the occurrence of "atypical" El NiFos, such as the 1963
event, in which the eastern Pacific SST anomalies evolved differently
from the RC composite, but the western Pacific atmospheric anomalies
shown here were similar to other events.
The dynamics of the eastward-propagating anomaly remains to be
determined. Its direction of propagation, near-equatorial latitudinal
location, and zonal wind signature, are all consistent with Kelvin wave
dynamics. However, the temporal and spatial scales of the anomaly are
incompatible with theory. On an equatorial A-plane (Lindzen, 1967), a
~-r-*-~~lsl41~-*DLI~I~*sl~
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free Kelvin wave has an equivalent depth of about 10 km and a period of
about one day. Holton and Lindzen (1968) showed that a forced Kelvin
wave satisfies the dispersion relation
2
2 Kq
where w and k are frequency and zonal wave number, K = 0.286 for dry
air, g is gravity, X is the vertical wave number, and H is the scale
height. Assuming values of X = (2w/15 km) and k = 2, consistent with the
structure of CEOF mode 1, then the period (2T/w) is only 5.2 days. If we
further assume the presence of a uniform mean flow of uo = -5 m/s
(roughly the annual mean zonal wind at 500 mb over the equatorial
western Pacific - see Fig. 2.3a), then the period is increased to 5.8
days, still two orders of magnitude shorter than the observed period of
two years. The theory also predicts that this Kelvin wave would rapidly
propagate vertically.
The spatial structure of CEOF mode 1 is strikingly similar to the
structure of the 40-50 day oscillation. Madden and Julian (1972) showed
that zonal wind fluctuations within the 40-50 day period range are out
of phase in the upper and lower troposphere, i.e. the 40-50 day wave has
a baroclinic vertical structure. Furthermore, the amplitude of the
fluctuation is strongest between the Indonesian region and the date
line, and the zonal scale of the anomaly is approximately the same as
the CEOF mode 1 anomaly. Hence, it is possible that the 40-50 day wave
and the CEOF seasonal anomaly pattern are manifestations of a single,
extremely broad-band phenomenon.
Any dynamical explanation of the seasonal anomaly sequence docu-
mented in this chapter must account for its strong phase-locked feature.
~.rr~~^ -~LIL--UL j~ Ira~~il~~-~---~-
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Although the season-by-season evolution of wind anomalies is properly
described as a propagating fluctuation, the phase-locked nature of the
signal accounts for the large correlation coefficients (representative
of standing oscillations) in studies which considered interannual
fluctuations stratified by season (e.g. Selkirk, 1984, and the IdEOF
calculations in Section 3.3).
Van Loon (1984) and van Loon and Shea (1985) have shown that surface
pressure and surface wind anomalies over the South Pacific associated
with El Niio are phase-locked as well. They interpret phase-locking as
amplification/deamplification of the annual cycle. However, the annual
varaibility of winds over the Trivandrum-Atuona cross-section was shown
in Chapter 2 to be a complicated function of longitude and height.
Hence, the phase propagation of the CEOF mode 1 circulation anomalies
over this cross-section cannot be interpreted in terms of the annual
cycle of the wind field.
The recent 1982-83 El Nigo occurred while this work was in progress.
This event was the most dramatic on record: unprecedented positive SST
anomalies and negative values of the SOI were observed (Rasmusson and
Wallace, 1983). The timing of this event was also quite unusual. The
ocean surface warming over the eastern Pacific took place in JJA rather
than the DJF season. While a complete analysis of the wind anomalies
associated with this event is beyond the scope of this work, the prelim-
inary data issued by the National Meteorological Center (based on their
tropical analysis) offer some clues as to the applicability of the ideas
presented in this chapter. Fig. 4.23 shows a longitude-time diagram of
the 200 mb wind anomalies averaged over a latitudinal strip between the
equator and 10ON (Arkin et al., 1983). The largest wind anomalies
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Figure 4.23 - Longitude-time plot of anomalous 200 mb zonal
wind, averaged over a latitudinal strip between the equator
and 100N, for the period September 1981 - August 1983, taken
from Arkin et al. (1983). Contour interval 2.5 m/s. Heavy
dashed lines indicate longitude-time path corresponding to
anomaly centers 900 apart, propagating eastward with period
2 years, starting in September 1982.
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occurred during the DJF and MAM seasons in 1983. The heavy dashed lines
in the figure indicate the longitudinal scale and phase speed of the
CEOF mode 1 pattern: the lines are spaced 900 apart and propagate
eastward at a rate of (1 cycle)/(2 years), starting in September 1982.
The dashed lines match the eastward progression of the observed anom-
alies during the course of the event, suggesting that the near-equa-
torial atmospheric anomalies associated with El NiRo are consistently
phase-locked, even though the eastern Pacific oceanic component of El
Niio is not. Independently, Donguy and Eldin (1985) reported that
western Pacific anomalies of rainfall propagated eastward at the same
rate, 0.3 m/s, during this El Niio event.
It has been known for some time that the region of heaviest convec-
tion over the western Pacific shifts eastward during the course of an El
Niio event (Walker and Bliss, 1932; Bjerknes, 1969; Krueger and Gray,
1969; Kidson, 1975; Heddinghaus and Krueger, 1980; Horel, 1982a). We
have demonstrated here that circulation anomalies implying enhanced con-
vergence at 120 0E near the equator exist during the SON(-1) season,
before the onset of El Niio. Satellite-derived cloudiness statistics for
El Niio events since 1965 show cloudiness anomalies consistent with the
circulation anomalies.
Murakami (1975) presented monthly mean tropical cloudiness averages
for the period February 1965 - July 1973, based on visual satellite
imagery. Fig. 4.24 shows a time-longitude plot of cloudiness anomalies
along the equator taken from his paper. Unfortunately, the data record
starts after the commencement of the 1965 El Niio event. However, a
prominent anomaly exists in February 1965 centered at 140 E, and the
eastward propagation of this anomaly during the course of the event is
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Figure 4.24 - Longitude-time plot of anomalous cloudiness
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obvious from the figure. By February of 1966, the anomaly is centered on
the date line, having propagated eastward about 400 in one year. This
propagation rate is slower than the CEOF mode 1 wind anomaly, but the
the wind data suggest that the anomaly may have been centered near 120 0E
in the SON(1964) season (Fig. 4.10), which would improve the agreement.
The data record subsequently spans the 1972 El Niio (notice that the
1969 event is extremely weak in this cloudiness record, consistent with
the lack of a signal in the wind data). In SON(1971), a positive anomaly
exceeding 1 okta (greater than 2 standard deviations) is centered at
130°E. Although the anomaly disappears for two months in early 1972, a
prominent eastward-propagating anomaly reappears in April 1972, and
evolves so that the cloudiness anomaly in late 1972 between 100 0E and
1600 W is the reverse of the anomaly in late 1971.
Liebmann and Hartmann (1982) presented seasonal mean outgoing IR
averages for the period JJA(1974) - DJF(1978), spanning the 1976 event.
Fig. 4.25 shows the sequence of outgoing IR anomalies for four consec-
utive seasons for the period SON(1975) - JJA(1976). The top panel shows
a pair of prominent anomalies near the equator in SON(1975): a negative
anomaly (i.e. enhanced cloudiness, delineated by solid contours) over
Indonesia, and a positive anomaly centered at 165°E. These anomalies are
entirely consistent with the zonal convergence and divergence associated
with CEOF mode 1 for this season (cf. Fig. 4.4). In DJF(1976), the nega-
tive IR anomaly is located over northern Australia, to the south and
east of its position in SON(1975), and the center of the positive IR
anomaly has spread eastward across the date line. By MAM(1976), Indo-
nesia and the eastern Indian Ocean are covered by a positive IR anomaly,
with weak negative IR anomalies now evident along 10°N between 1500E and
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the date line. In JJA(1976), the negative IR anomaly exceeds 20 W/ml
along the date line in the vicinity of the equator. In summary, the
SON(-1) precursive anomaly is quite clear in the outgoing IR data before
the 1976 event. Subsequent eastward propagation of the anomaly pattern
is also apparent, but is not as clear in the IR sequence as it is in the
wind data.
These cloudiness statistics confirm that the spatial structure and
temporal evolution of wind anomalies documented in this chapter are
associated with equally prominent features in the convection patterns
themselves. They underscore the fact that the principal tropospheric
anomalies preceding El Niio events are located over the far western edge
of the Pacific basin, not over the eastern Pacific. The convective
anomalies associated with El Nifio are not simply produced by the ocean
surface warming off the South American coast; rather, the anomalous con-
vection develops far to the west and propagates eastward to meet the
oceanic SST anomalies several seasons later, during the fully-developed
phase of the event.
Chapter 5
CONCLUSION
This thesis describes a study of the three-dimensional structure of
wind variability in the tropical troposphere on seasonal time scales.
The geographical and vertical structure of the annual mean, annual (per-
iodic) variability, and interannual (nonperiodic) variability of the
zonal and meridional wind components are documented in turn. In par-
ticular, the inclusion of the vertical structure of variability allows
the direct interpretation of wind fluctuations in terms of diabatic
heating and convection, which are of crucial importance in the tropics.
The annual mean and annual variability of the tropical wind field
are examined in Chapter 2. The seasonal variability of the wind fields
calculated from our data set agrees with previous calculations, confirm-
ing the significance of climatological seasonal differences. The ver-
tical depth of zonal and meridional winds are distinctly different. The
annual mean and variability of the zonal component are coherent through
the depth of the troposphere, whereas the meridional wind is confined to
rather thin layers in the upper and lower troposphere.
The annual mean and annual variability of the Walker Circulation,
defined in this thesis as the zonal wind circulation in a zonal plane
over the equator between the southern tip of India and the central
Pacific Ocean, is examined in detail. The western (rising) branch of the
Walker Circulation has a pronounced annual cycle, characteristic of the
seasonal monsoon circulations of India and Southeast Asia. The annual
variability of lower tropospheric winds is greater than the annual mean
over this region. The eastern (sinking) branch is located in a tradewind
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regime, where the annual mean easterly wind at low levels is greater in
magnitude the annual variability. The zonal mass flux associated with
the rising branch of the Walker Circulation has a pronounced westward
tilt with height.
The structure of the interannual variability of the wind field,
defined as the variance of time series of seasonally averaged departures
from climatology, is examined in Chapter 3. Near the equator, the
magnitude of interannual variance is greater than or equal to the
variance contained in the annual and semiannual cycles. A transition in
the vertical structure of zonal wind variability occurs at about 120
latitude in each hemisphere. Poleward of 120, the standard deviation of
seasonal anomalies increases rapidly with height, and anomalies are
positively correlated in the vertical (i.e. an "equivalent-barotropic'
structure). Equatorward of 120, the vertical gradient of variability is
much smaller, and anomalies in the upper and lower troposphere are nega-
ively correlated, with a node in mid-troposphere (i.e. a "baroclinic"
structure). The latitude of the transition is consistent with the theory
of equatorial heat-forced circulations and with cloudiness fluctuation
statistics, and suggests the dominance of convectively forced circula-
tions near the equator.
The Southern Oscillation Index (SOI) is used as a proxy indicator of
anomalous convective activity over the Pacific associated with El NiTo
events. We show that the SOI is the dominant interannual signal in these
wind data. Interannual correlations between the zonal wind field in the
Walker Circulation and the SOI contain no longitudinal tilt with height.
The temporal evolution of seasonal zonal wind anomalies within the
Walker Circulation during El Nifo events is documented in detail in
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Chapter 4. A distinct anomaly pattern, extending through the depth of
the troposphere with a "baroclinic' vertical structure, occurs over the
entire Walker Circulation during the Northern Hemisphere autumn season,
4-6 months before the onset of ocean surface warming in the eastern
Pacific. The pattern subsequently propagates eastward as the warm SST
anomaly moves westward, and the fully developed phase of El Niio in-
corporates both anomalies over the central Pacific one year after the
initial appearance of the atmospheric anomaly pattern. The space-time
structure of the atmospheric anomaly is confirmed in satellite-derived
cloudiness fluctuation statistics.
The results emphasize the primary role of latent heating for the
forcing of low frequency tropical circulation fluctuations. The vertical
structure of the wind response provides an indication of the profile of
heating. We have shown here that the vertical structures of the mean
wind field and the wind variability are different. The annual mean
Walker Circulation has a pronounced westward tilt with height, which is
also observed in each of the seasonally averaged cells. Interannual
fluctuations show no indication of a tilt.
This result has important implications for the interpretation of
simple models, which have been used to examine the stationary forced re-
sponse to heating superimposed on a motionless basic state in order to
explain the vertical structure of both the climatological wind field
(e.g. Geisler, 1981; Hartmann et al., 1983) and time-averaged anomalies
(e.g. Gill, 1980; Lim and Chang, 1983). The observed vertical structure
of the equatorial zonal wind field cannot be used as evidence for any
single vertical heating profile, because the vertical structures of the
climatological winds and seasonal wind anomalies are different.
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The Gill model, which assumes a broad vertical heating profile
centered in mid-troposphere, provides a reasonable simulation to the
vertical structure of near-equatorial interannual fluctuations. The
observed anomalies have a "baroclinic" structure (with a node in mid-
troposphere) within a Rossby radius of the equator, show no tilt with
height, and the anomalies in the upper and lower troposphere are nearly
equal in magnitude. The Gill model simulates all these features.
The agreement between the vertical structure of the Gill model and
the observations is poorest in the Northern Hemisphere winter season,
when the dominant vertical mode of variability near the date line has an
equivalent-barotropic structure. This is also the season during which
the agreement between CEOF mode 1 and the observations is poorest, and
the near-equatorial seasonal anomalies for individual El Nigo events are
most disparate. One possible reason for the inconsistency of the DJF
signal here is the latitudinal position of the station cross-section,
which is north of the equator over the western Pacific. Both the surface
wind regression of Pazan and Meyers (1982), and the DJF 1976 outgoing
longwave radiation anomaly shown by Liebmann and Hartmann (1982, Fig.
4.25b), suggest that the strongest anomalies during this season exist
south of the equator.
The Gill model also fails to explain the vertical structure of the
wind anomaly pattern over regions remote from the Pacific basin. The
dominant vertical structure of zonal wind fluctuations is "equivalent-
barotropic" over the subtropics of both hemispheres, and over the near-
equatorial regions of Africa and India. Simmons (1981) and Held (1983)
suggested that a baroclinic mode would propagate vertically in the
absence of a rigid lid at the top of the atmosphere (such a lid is
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present in the Gill model), leaving an equivalent-barotropic (external)
mode as the distant response. This explanation is consistent with the
observations presented here. Nevertheless, the observed vertical struc-
ture of seasonal wind anomalies near the equator in the Pacific basin
is consistent with the simplified Gill model.
A major result of this thesis is the documentation of the evolution
of a pattern of highly significant wind anomalies, described by CEOF
mode i, over the western near-equatorial Pacific Ocean in con]unction
with El Niio. The evolution of the anomaly pattern was shown to be very
similar for four separate El Nino events (1963, 1965, 1972, and 1976).
The anomaly pattern appears first during the SON (Northern Hemisphere
autumn) season, more than a season before the onset of El Nigo (defined
as ocean surface warming along the South American coast). At this time,
the western Pacific wind anomaly pattern describes lower tropospheric
convergence and upper tropospheric divergence centered over the Indo-
nesian region. This pattern propagates eastward during succeeding
seasons and completes a half-cycle in one year, so that the wind anomaly
pattern during the SON season following the onset of El NiHo is the
reverse of the pattern during the precursive SON season.
The spatial structure of CEOF mode 1 strongly resembles the response
of simple models forced by near-equatorial latent heating. Furthermore,
previous studies of equatorial cloudiness fluctuations (e.g. Murakami,
1975) suggest that the CEOF mode 1 wind anomalies documented here are
associated with anomalous convection. In view of these results, as well
as the inconsistency between the space-time structure of CEOF mode 1 and
equatorial wave theory, we conclude that the evolution of CEOF mode 1
192
during El Nifo events is not governed by dry atmospheric dynamics alone:
the wind anomaly pattern does not represent a forced atmospheric Kelvin
wave. If this is true, then the eastward propagation of the anomalies
must be due to an air-sea interactive process.
Because the CEOF mode 1 anomaly pattern is linked to the onset of El
NiRo, further elucidation of its cause is of fundamental importance for
the understanding and prediction of El Niio. Additional studies will be
faced with the usual tropical problems of data paucity, in terms of both
spatial and temporal coverage. With the CEOF mode 1 pattern having been
established in this thesis on the basis of a few long time series,
future studies can incorporate existing data records of shorter duration
in order to provide more extensive spatial coverage. We hope that the
results presented here will demonstrate the need for enhanced oceanic
and atmospheric observations west of the date line, extending into the
Indian Ocean.
Appendix A
SEASONAL MEAN WIND PLOTS
Plots of the climatological vector winds for each season are
presented in this appendix. These are the fields which are subtracted
from each season's observed data in order to form the seasonal anomalies
which are analyzed and discussed in Chapters 3 and 4. The plot headings
refer to Northern Hemisphere seasons, so that "winter" is the December-
January-February average, etc.
Seasonal mean wind plots similar to these were published by Newell
et al. (1972), Gray et al. (1976), and Oort (1983). Despite differences
in the the length and period of the data sets, the wind fields calcu-
lated here agree closely with the fields in these three atlases. Hence,
the seasonal average wind in the tropics appears to be quite a robust
average. It probably is important that each of the data sets spanned at
least one El NiFio event, in view of the large regions where interannual
variability is greater than annual variability (see Figs. 3.5 and 3.6).
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Appendix B
EMPIRICAL ORTHOGONAL FUNCTIONS
B.1 Introduction
Empirical orthogonal functions (EOFs) are used in this thesis to
describe quantitatively the dominant spatial structures of wind
variability. In this appendix, a summary of the properties and limita-
tions of this analysis technique is given.
EOFs are employed here to represent wind observations at different
pressure levels or stations in terms of one or two spatial modes. Thus,
many time series are condensed into only one or two. The efficiency of
the method depends on the spatial coherence of the variability. The
spatial structures of the modes depend on the number and spatial
distribution of the time series used.
Analyses are carried out using (1) scalar wind components, (2)
vector wind components, and (3) Hilbert-transformed scalar wind
components. (1) and (2) lead to EOFs describing standing oscillations,
whereas (3) is a generalization to allow for the description of
propagating oscillations. The mathematical procedure and interpretation
of each variety of analysis are outlined in subsections B.2, B.3, and
B.4 to follow. The EOFs for each of the analyses have the following
common characteristics:
(a) The EOFs form a complete orthonormal basis set.
(b) The EOFs are ordered such that the gravest mode (EOF1) explains
more variability than any other possible single basis function. The
next mode (EOF2) which is orthonormal to EOF1, explains more of the
residual variance (not associated with EOF 1) than any other possible
basis function, etc.
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B.2 EOFs of scalar wind components
The most common application of EOFs in meteorological studies has
been to time series of scalar quantities. EOFs were introduced into the
meteorological literature by Lorenz (1956); a concise review of the
properties of EOFs is given by Davis (1976). The procedure used to
calculate EOFs in this thesis includes a mass-weighting scheme intro-
duced by Blackmon et al. (1979). Consider a set of time series
urln with r = 1,2,...,R
cln 1 = 1,2,...,6
n = 1,2,...,N
where u is a scalar wind component (either zonal or meridional) at
station r, pressure level 1, and time n. The EOFs describing the total
variance of u for this set of stations are as the eigenvectors of the
mass-weighted covariance matrix
Cr l s mw l m  rs = 1,2,...,R
l,m =1,2,...,6
Here Crlsm = urlusm - Urlusm' the overbar represents a time average
--- 1 e( )
n=l
and wlm is a mass-weighting function. As in Blackmon et al. (1979), the
weighting function is designed to compensate for the fact that the six
pressure levels used in the analysis are unevenly spaced in the
vertical. If we consider that the six levels are representative of the
atmospheric column between 925 and 125 mb, we can express the mass of
the column (in units of mb) represented by each level 1 as pl (see Table
B.1). The relative weight assigned to each level is A1 = 6pl / 800 and
the mass-weighting function is:
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Wlm %VI1m
1
pressure level
pl
A1
TABLE B.1
Mass-weighting of the covariance matrix
1 2 3 4
(mb) 850 700 500 300
(mb) 150 175 200 150
1.1250 1.3125 1.5000 1.1250 0
The eigenvectors are the solution of
E Crlsm wlm XEk k = 1,2,...,K=Rx6
rl rlsm im rl
5
200
75
.5625
6
150
50
0.3750
lB. 2. 13
The eigenvectors EkZ are real because Crlsm is Hermitian. By convention,
the eigenvectors Ek, and eigenvalues Xk are ordered, so that X1 > X2 >
S> XK. The sum of the eigenvalues equals the trace of the mass-
weighted covariance matrix:
,k = Crl
k=l r= 1 r1
[B.2.23
Now the term on the right side is the total mass-weighted variance of
the time series of u, since
(B.2.33
Hence each eigenvalue Xk represents the mass-weighted variance explained
by eigenvector Ek, and the fraction of the total variance fk explained
by Ek is
__
Cl 2AC rwl = ur 1
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fk = k  [B.2.41
k=1
Associated with each eigenvector is a time series of principal
components Pk, which represent the projection of the observed field at
time n (that is, urln) onto E kl
P Ek u 1 (B.2.5
n rrl ln 1
Then the observed field can be reconstructed in terms of the
eigenvectors and principal components
U Ek Pk [B.2.61Urln k=l r n
The observed field may be partially reconstructed by eliminating the
summation in [B.2.61 and considering only the inner product associated
with a single mode:
S = Ek P [B.2.7]
rln rl n
Scalar EOFs as developed here are used extensively in Chapter 3.
Eigenvectors describing the vertical structure of zonal and meridional
wind components separately at single stations (i.e. R=1) are discussed
in Section 3.3 (these are denoted "idEOFs" in the text of the thesis).
In Section 3.4, EOFs are derived for a near-equatorial line of stations
(R > 1) to describe the structure of variability in the longitude-height
plane over the western Pacific. This analysis is denoted "2dEOF'.
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B.3 EOFs of vector winds
The extension of the analysis discussed in the previous section to
vector quantities was developed by Hardy and Walton (1978). EOFs of
vector winds are shown in Fig. 3.14. We consider complex time series of
vector winds
Vrln = Urln + ivrln
with the zonal wind expressed as the real component and the meridional
wind expressed as the imaginary component of V. Eigenvectors Ek and
principal components pk of the resultant mass-weighted covariance matrix
Cr1sm are then found as for the scalar case, that is
Crlsm = Vrl Vsm wlm
Ek1 Crlsm = 1 E[1 (B.3.11
p I=i r=l
Since Crlsm is Hermitian, the eigenvalues Xk are real and their inter-
pretation is exactly the same as for the scalar case.
Whereas the sign of each scalar eigenvector Ek1 defined by [B.2.11
was arbitrary, here the phase of each complex eigenvector Ekl from
[B.3.11 is arbitrary. For purposes of physical interpretation, it is
useful to shift the phase of each complex eigenvector so that the mean-
square value of the imaginary component of uk is minimized. This is
done for each mode Ek by defining:
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Re(Pk ) Im(P k)
n n
tan = n B.3.23
(Re(Pk))2
and using as EOFs the set of phase-shifted eigenvectors Bk, where
Bk = Ek -iGk
After phase-shifting, the elements of Bk point in the direction of
"preferred orientation', i.e. along the axis which accounts for most of
the variance.
B.4 Generalization of EOFs for propagating waves
Empirical orthogonal functions developed in Sections B.2 and B.3
describe the observed variance in the wind field in terms of standing
oscillations. Any variability associated with propagating waves is
partitioned among several standing modes. A generalization of EOF
analysis which provides a more efficient and physically meaningful basis
set for use in describing variance associated with propagating anomalies
was introduced by Barnett (1983) and described in detail by Horel
(1984). This technique is denoted complex EOF (or CEOF) analysis.
First, each time series url is decomposed into Fourier components.
For time series of seasonal anomalies, the first and last year are
tapered using a cosine bell to minimize end effects on the Fourier
decomposition (Madden and Julian, 1971):
sin in/5 n=1,...,4
u rln  Anu where A = 1 n=5,...,N-4 [B.4.11
cos in/5 n=N-3,...,N
After tapering the ends, the Fourier decomposition is performed by
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summing over all frequencies w:
Urln =1 arl w cos n + brl w sin wn
Then the Hilbert transform (or quadrature function) is obtained by
shifting the phase of each Fourier component ahead by r/2:
Urln =L2brlw cos wn - arlw sin wn  1B.4.21
A complex wind field Urln is then formed, whose real and imaginary parts
are the observed wind Urln and the Hilbert transform urln' respectively:
Urln = Urln + iurln = Crlw e [B.4.3]
W=1
where Crl w = arlw + ibrlw. Then, complex EOFs are found by calculating
the mass-weighted covariance matrix associated with the complex time
series Urln. The eigenvectors El and principal components Pn are
complex, and the component of the reconstructed ur1 n field associated
with each mode k (analogous to 1B.2.71 for scalar EOFs) is the real part
of the complex product between Ek* and Pk, where the asterisk denotes
the complex conjugate:
uk = Re Eks pk B.4.41
The reconstruction was performed only for points not tapered, where An=l
in [B.4.11.
Appendix C
SIGNIFICANCE TESTS
C.1 Correlation coefficients
The temporal correlation coefficient r(x,y) between time series of
variables xn and Yn is defined:
r(x,y) = xV with (
Ox Oy n=l
where the overbar represents a time average (here, an average over n),
and a represents the temporal standard deviation: ox = x - 2. For
finite sample sizes, the calculated correlation r(x,y) must be treated
as a sample value approximating the "true" correlation p(x,y) which
would derive from an infinite population (N + e). If x and y are
normally distributed, then the t statistic
t = r(x,y) J
1 - r2(x,y)
follows Student's distribution with v degrees of freedom and can be used
to test the hypothesis that p ; 0 (Bulmer, 1967). If each value of xn
and Yn is independent, then v = N-2 since two degrees of freedom (the
sample mean and variance) have been removed from each time series in the
calculation of r.
Estimating v can be extremely difficult in geophysical time series
analysis. In this thesis, it is assumed that one degree of freedom per
year is reasonable for seasonal wind anomalies, so that v = M-2, where M
is the length of the time series in years. Table C.1 presents 951 and
99% confidence thresholds of r for the hypothesis p 4 0 using a two-
tailed test, for various values of M.
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TABLE C.1
Confidence thresholds for correlation coefficients. Tabulated values are
the minimum correlation magnitude necessary in order to satisfy the
hypothesis that the true correlation p is different from zero (with 95z
or 99Z confidence), for time series of length M years.
M = 8 12 16 20 24
Irl (95z) = 0.62 0.50 0.43 0.39 0.36
Irl (99z) = 0.75 0.62 0.54 0.49 0.45
C.2 Empirical orthogonal functions
The EOFs calculated in Sections 3.3 and 4.3 to describe the vertical
structure of interannual variability are subject to sampling uncertain-
ties associated with the finite length of the time series used to gener-
ate them. These uncertainties can be estimated using the methodology
developed by North et al. (1982).
We consider that the eigenvalues Xk and eigenvectors Ek calculated
from a time series of length N are estimates of the true eigenvalues xk
and eigenvectors #k which would derive from the infinite population of
which our time series are a sample. We then create a perturbation expan-
sion in a small parameter e to describe the difference between the exact
and sample eigenvalues and eigenvectors:
Ak = xk + 'k + 2 Xk +
Ek = I k + eE'k + e2 E
. k +
To first order, the quantities eE ' k and eX'k represent the un-
certainties 6Xk and 6Ek in the eigenvalues and eigenvectors. North et
al. (1982) showed that these uncertainties could be approximated by
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6xk k k 2 [C.2.1]
kk k ex' k6E eE'k I CC.2.2Axk
where v is the number of degrees of freedom and AXk is the spacing
between xk and its nearest neighbor (i.e. the lesser of the quantities
xk_-k+l and xk-l-xk). Here we are concerned primarily with the statis-
tical significance of the gravest mode only. Assuming one degree of
freedom per year yields the uncertainties shown in Table C.2 for time
series of varying length. For convenience, the eigenvalues in the Table
are expressed in terms of the percentage of explained variance fk as
defined in (B.2.4, that is
f = fl [C.2.3
TABLE C.2
Uncertainty of eigenvalues for scalar wind calculations. Tabulated
values are the uncertainties of the percentage of variance explained by
the gravest mode, when the eigenvalue is based on a time series of
length M years.
M = 8 12 16 20 24
fl = 0.5 0.25 0.20 0.18 0.16 0.14
fl = 0.6 0.30 0.24 0.21 0.19 0.17
fl = 0.7 0.35 0.29 0.25 0.22 0.20
fl = 0.8 0.40 0.33 0.28 0.25 0.23
fl = 0.9 0.45 0.37 0.32 0.28 0.26
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The uncertainty in the shape of the gravest eigenvector El is a
function of the uncertainty in X1 and the difference (X1 _X2 ). if X1 is
distinct, i.e. if the uncertainty in X1 is less than the difference
between X1 and X2 , then the shape of El is also distinct. If the un-
certainty in X1 is comparable to the difference (X1 -X12), then El and E2
are "effectively degenerate', and the gravest mode of the population I1
is some unknown linear combination of El and E2. Hence, the ratio
E1 = (6xl) / (X1-X2) = 6f' 1 / (f1-f2 ) [C.2.41
is a measure of the uncertainty in El
To obtain a unique estimate of the uncertainty in El for a par-
ticular value of X1, it is necessary to make some universal assumption
about X2. To do this, we shall assume that the first two modes explain
95z of the total variance. This condition was nearly satisfied for the
set of vertical modes described in Section 3.3, and in any case it is a
conservative assumption since it nearly minimizes (flf 2) and hence
maximizes the uncertainty. Substituting f2 = 0.95 - fl into [C.2.4]
yields
6E1  = 6f'1 / (2f 1 - 0.95) [C.2.53
Values of SE1 are given in Table C.3 as a function of fl and M. We
have no confidence whatsoever in the shape of the gravest mode when the
uncertainty in its eigenvalue is greater than the distance to the next
eigenvalue, i.e. when 6E1 2 1. This uncertainty threshold is delineated
in Table C.3 by a solid line. Not surprisingly, the uncertainty is
larger than this threshold for fl = 0.5, for any length of time series
up to M = 24 years. The spacing between f 2 (assumed equal to 0.45 for
fl = 0.5) and fl is smaller than the uncertainty in fl, and therefore
the first two modes are effectively degenerate.
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North et al. (1982) suggest that a more stringent test of re-
liability is to require 6Ek < 0.5. This uncertainty threshold is deline-
ated with a dashed line in Table C.3.
TABLE C.3
Uncertainty parameter 6E' for the gravest EOF mode E', using the un-
certainties in eigenvalues tabulated in Table C.2. EOFs with 6E' > 1
(delineated with a solid line in the Table) are effectively degenerate,
and no confidence in their shape is maintained. EOFs with 8E' < 0.5 (de-
lineated with a dashed line) satisfy a more stringent confidence test.
M= 8 12 16 20 24
5.0 4.0
1.2 0.96
3.6 3.2 2.8
0.84 0.76 0.68
0.78 0.64 0.56 0.49 0.44
I- -
0.62 0.51 0.43 0.38 0.35
0.38 0.33 0.31
fl = 0.5
fl = 0.6
fl = 0.7
fl= 0.8
fl = 0.9 0.53 0.44
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